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INTRODUCTION 
Paratuberculosis (Johne's disease) is a chronic mycobac­
terial disease of the intestinal mucosa, with clinical symp­
toms of emaciation and diarrhea. The disease in cattle was 
described first by Jtthne and Frothingham in 1895 (39). 
The causative organism, Mycobacterium paratuberculosi s, 
(Mycobacterium johnei) was first cultivated by Twort and 
Ingram in 1910, who employed a glycerine egg medium containing 
dead tubercle bacilli (35, 86). 
Since its first description, many papers have been pub­
lished concerning the pathology of the disease, diagnostic 
procedures, and attempts to improve the methods of primary 
cultivation. The pathology of paratuberculosis in naturally 
infected cattle and sheep has been described repeatedly and 
more recently the pathogenesis of experimentally infected 
cattle and sheep has been investigated, employing histo­
logical and cultural examinations. 
Diagnostic procedures have included both serological and 
allergic tests. Complement-fixation and hemagglutination 
tests have been the favorite serological procedures. Intra­
dermal^ or intravenously administered paratuberculin (johnin) 
or avian tuberculin have usually been used for tests of al­
lergy. Hone of these diagnostic tests has been as satisfac­
tory for the detection of paratuberculous animals as have 
their counterparts in the detection of tuberculous animals. 
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Although thesa serological and. allergic tests have been 
used routinely as a basis for selecting infected animals, 
their proficiency never has been investigated by thorough 
cultural examination of the tested animals. 
A variety of histochemical procedures have been developed 
which are capable of demonstrating the localization and rela­
tive activity of dehydrogenases and hydrolases in tissues. 
Many of these techniques have been applied to the study of 
possible enzymatic alterations in malignant tissues, and some 
have been applied to biopsy specimens from tuberculosis and 
leprosy patients, but there have been no reports of the appli­
cation of these histochemical techniques to alterations pro­
duced in infected tissues of a natural host in response to 
infection by M. paratuberculosis. 
It seemed likely that, since paratuberculosis is charac­
terized by a massive infiltration of macrophages, and since 
macrophages from man and laboratory animals usually have en­
hanced hydrolase and dehydrogenase activities, there should be 
striking histochemical changes in tissues of animals being 
diseased by 11. paratuberculosis. 
Considering the serious lack of knowledge concerning 
probable histochemical alterations in the pathogenesis of 
paratuberculosis, and our ignorance of the relationship of 
diagnostic procedures to stage and degree of infection, this 
research was directed toward elucidation of these problems. 
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EETIEVr OF LITSIÎATU3S 
Histology 
Although paratuberculosis is primarily a disease of rum­
inants, it has been found also in pigs (73) and monkeys (69). 
Paratuberculosis ir, sheep was first reported in 1911 by 
Stockman (80). He found that the small intestine was thick­
ened, and had numerous small hemorrhages under the mucous 
membrane. The surface of the mucous membrane was coated with 
a white creamy mucus, but it had no corrugations similar to 
those found in the disease in cattle. The large intestine 
had "zebra markings" and a few small hemorrhages under the 
mucous coat. Scrapings from the mucous surface of the inte_ 
tines contained enormous numbers of acid-fast bacilli, mostly 
arranged in dense clumps, and indistinguishable from those 
found in paratuberculosis in cattle. Large numbers of organ­
isms were found also in smears from the mesenteric lymph 
nodes. 
The first comprehensive paper concerning the histology of 
paratuberculosis was that by M'Fadyean in 1918 who was prin­
cipally interested in the bovine disease (55). He reported 
that the bacillary invasion appeared invariably fco begin and 
end with the intestines and the groups of associated lymph 
nodes. He stated, "In tuberculosis the lesions exhibit a 
power of progressive growth which enables them in many cases 
to attain to a very large size, and almost without exception 
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they soon undergo necrotic and degenerative changes which en­
tail striking alterations in their naked-eye appearance. In 
Johne's disease the new tissue which is formed in the parts 
invaded by the bacilli is very moderate or absolutely meagre 
in amount, and, at least in the bovine species, the lesions 
never show to the naked eye any evidence of caseous or cal­
careous degeneration. Finally, the nodular character of the 
lesions which is so common in tuberculosis is never seen in 
Johne's disease.* 
He divided the pathogenesis of the disease into four 
stages; 1. The stage of cellular infiltration* in this 
stage new cells corresponded with the epithelioid cells or 
macrophages (he referred to them as plasma cells) of tubercu­
losis new tissue as indicated by their structure, shape, and 
staining reactions. He found no significance in the presence 
or absence of any other type of leukocyte. 2. The histio-
lytic stage. In this stage the normal tissue is replaced by 
macrophages. 3. The symplasma stage. "This condition re­
sults from an irregular and incomplete fusion of the bodies of 
the plasma or epithelioid cells, leading to the formation of a 
spongework or coarse reticulum without any definite structure. 
The nuclei of the cells which have thus become partially fused 
are imbedded in the substance of this reticulum or lie appar­
ently free in its meshes." "In tuberculous lesions the usual 
fate of the parts presenting this appearance is to undergo 
actual necrosis, which in turn is followed by caseation, but 
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often there is evidence that the symplasma stage lasts with 
little or no alteration for a considerable period, and that 
the tissue showing this partial fusion of the cells and oblit­
eration of their outlines retains its vitality." "This is the 
condition in which the great bulk of the new tissue is found 
in the lesions of Johne's disease, because, contrary to what 
is generally the case in tuberculous lesions, it represents 
the final stage." 4. The stage of giant cell formation, ap­
parently co-exists with the symplasma stage. 
The histopathological descriptions have been added to 
only s lightly since those of Stockman anu of IvPFauyean. In 
1930 Mathews reported that he had found a few liver lesions 
but had difficulty demonstrating the organisms (54). Howarth, 
who had first demonstrated paratuberculosis of sheep in the 
United States (35), reported that the histopathology of the 
disease in sheep was essentially the same as that of cattle 
(36). In 1954 Stamp and v/att reported on one group of para-
tuberculous sheep in which they had found encapsulation, 
necrosis, caseation, and calcification, but in these the or­
ganisms could be demonstrated only in a limited number of 
cases even by cultural methods (79). 
In Argentina, a disease known locally as "Enteque Seco" 
has been described in which acid-fast organisms are present in 
large numbers in the intestines of cattle with histological 
alterations identical to those of paratuberculosis. However, 
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an additional symptom is arteriosclerotic lesions of the 
aorta (16). 
In India ovine paratuberculous lesions are reported to 
consist mainly of macrophages, epithelial and giant cells, 
and of smaller numbers of plasma cells, lymphocytes and eosin­
ophils. Acid-fast bacteria have been found in the liver and 
lung in paratuberculous sheep (71). 
Borodenok (10) studied the histological pathogenesis in 
sheep dosed orally with scrapings of the intestinal mucosa 
from paratuberculous cattle. He reported that the histolog­
ical changes specific for paratuberculosis, concentrations of 
epithelioid and giant cells, were manifested in the affected 
intestinal tissues within three months after infection, which 
was the time that concurred with the advancing allergy. He 
suggested that there are essentially two phases; first, adapt­
ation, which is associated with an onto genie stimulus in the 
proliferating epithelial cells, and second, formation of 
micro-colonial intracellular concentrations. He stated that 
the absence of M. paratuberculosis in epithelial prolifera­
tions does not exclude the presence there of perceptible 
paratuberculosis - they may be found in the cytoplasm of epi­
thelial cells as fuchsinophilic dust. 
A more thorough examination of the histology of experi­
mental paratuberculosis in sheep was conducted by liisbet, et 
al. (64). They studied the differences between the patho­
genesis in orally inoculated vaccinated and unvaccinated 
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lambs, and, found that lesions produced in the vaccinated lambs 
were less severe, less extensive, and progressed more rapidly 
to the tuberculoid, stage and to calcification than in the un-
vaccinated lambs. They found that lesions were always in or 
in close proximity to the lymphoid tissue of the Peyer's 
patches in the small intestine, and that areas of small in­
testine remote from Peyer's patches were involved only when 
these lesions became confluent and extensive, spreading by 
contiguity. The manner in which lesions were seen to in­
crease in severity and extent from the duodenum to the ileo­
cecal valve suggested that this relationship with lymphoid 
tissue (which in the young lamb increases progressively in 
amount towards the terminal ileum) is of importance. 
In the group of lambs inoculated with the smaller in­
ocula there was a focal macrophage reaction at the one month 
examination and giant cells were noted only at later examin­
ation. However, at the one month examination of the group 
which received a more massive dose, the presence of giant 
cells was a feature of lesions which tended to be composed of 
extensive infiltrates of macrophages rather than discrete 
foci. At later examinations of this group the predominant 
feature was the presence of caseation in and encapsulation of 
these lesions, although these were not seen in the lambs which 
had clinical symptoms or had high viable counts of paratu­
berculosis in the mucosa of the small intestine. They thought 
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it likely that caseation and encapsulation are manifestations 
of resistance to M. paratuberculosis infection. 
Although parâtUucrOUlûsi6 is iiOt normally COiisiucrcu to 
be a disease of the lung, animals in infected flocks are sub­
jected to inhalation of the organisms in dust, thus some of 
the animals used in the experiments reported here were inoc­
ulated intratracheally, and hence a brief description of the 
histologic changes in lungs exposed to pathogenic mycobacteria 
is in order. 
Florey (27) has summarized those alterations induced when 
a guinea-pig inhales a few Mycobacterium tuberculosis organ­
isms carried in fine droplets. The organisms reach the lung 
alveoli, where they are taken up by the mononuclear phagocytic 
cells in the alveolar walls. In an unvaccinated animal, 
bacilli may remain in the lung without any surrounding cell 
reaction up to 6 days after infection. The bacilli multiply 
intracellularly, so that by the 6th day 20 to 40 bacilli may 
be found in one cell. About the 8th day or later, by which 
time hypersensitivity to the bacillus has begun to develop, 
many bacilli are present and a cell reaction begins and ex­
tends rapidly, leading to the formation of a central necrotic 
area. The most common tuberculous lesion is mainly cellular, 
and its development is called a productive or proliferative 
process. If the proportion of exudate is larger, the lesion 
is referred to as exudative. In the tubercle, some of the 
mononuclear cells come to have a distinctive appearance, and 
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usually are still known by their ola name of epithelioid cells, 
though they do not arise from epithelium and look only vaguely 
like epithelial cells. They have elongated, vesicular- nuclei 
and a faint, irregular cell boundary, At the periphery of the 
epithelioid cells is a zone of lymphocytes, and with them, 
unaltered exudative mononuclear cells often are seen. As the 
cell mass grows, it may necrose at its center. 
The epithelioid cells are thought, to form from monocytes— 
or macrophages—which generally are derived from blood mono­
cytes, although tissue macrophages may play an important part. 
Caseated areas may become calcified when calcium carbon­
ate and phosphate are deposited in fine dust-like particles 
or in extensive solid masses that may still contain viable 
bacilli„ 
Cultivation 
Twort and Ingram in 1910 were the first successfully to 
cultivate M. paratuberculosis in vitro (85, 86). Their first 
isolations were on an inspissated egg medium containing glyc­
erine and killed M. tuberculosis. They found that media con­
taining Mycobacterium bovis or Mycobacterium avium were not 
satisfactory but those containing Mycobacterium phlei or Myco­
bacterium smegmatis were capable of supporting growth. Fur­
ther tests showed that those media containing Li, phlei were 
superior to all others. The factor responsible for promoting 
the growth of M. paratuberculosis could be extracted into 
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glycerine or hot ethyl alcohol, hut not into water or saline. 
They used ericolin (a plant extract) to decontaminate their 
inocula, Af uer repeatedly isolating the organism from clin­
ical specimens they reproduced the disease in cattle "both "by 
intravenous and by oral inoculation of the cultured organisms. 
Purification and characterization of the growth factor 
from M. phlei, mycobactin, by Francis et al. (28) permitted 
Snow (77> 78) to suggest a chemical structure with a molecular 
weight of 870. This compound is soluble in lipids rather than 
water and chelates heavy metals such as iron and copper, due 
to a phenolic hydroxyl and two secondary hydroxamic acid 
groups. An alkali-labile ester bond, when hydrolyzed, results 
in the liberation of cobactin (C Hoo0.No) and mycobactic acid 
(CgpJLgOyMg), each containing one secondary hydroxamic acid 
group. Snow found that M. paratuberculosis did not respond 
either to the cobactin or mycobactic acid. 
Although mycobactin is easily extracted and purified, it 
seldom is used in purified form for production of media for 
primary cultivation of M. paratuberculosi s because these media 
are turbid from the incorporated egg yolk end the addition of 
the M. phlei cells makes no conspicuous difference (26, 57, 
58, 82). 
In addition to the requirement for a source of mycobacti.n 
in the medium, the primary cultivation of M. paratub srculosis 
is complicated in that its habitat often is heavily contamin­
ated by other organisms, mycobacterial, fungal, and bacterial. 
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The decontaminants that have been used have included the eri-
colin used by Twort and Ingram, plus chemicals such as sul­
furic acid, hydrochloric aciu/ sodium hydroxide, oxalic acid, 
tribasic sodium phosphate, phenol, chlorine compounds, and 
combinations such as antiformin (13, 26, 57, 58, 64, 72, 82}. 
Benzalkonium chloride is the least toxic competent decontamin­
ant currently available (58). It has been tested in concen­
trations from 0.1 to 1,0 per cent, for periods up to a week 
without a reduction in the number of colonies that formed. 
Other substances that have been used are either too harsh or 
they allow many contaminants to develop. 
Allergy 
Animals infected with M. paratuberculosis will at a cer­
tain stage of the infection usually be sensitive to the injec­
tion of suitable mycobacterial products. In 1908, before M. 
paratuberculosi s had been cultivated in vitro, Bang discovered 
that tuberculin made from M. avium elicited an allergic reac­
tion in paratuberculous animals (4). After they had success­
fully cultivated M. paratuberculosis, Twort and Ingram attempt­
ed to prepare a paratuberculin from such cultures (86). 
These early attempts were unsuccessful because of the small 
amounts of growth usually obtained. Later, when it became 
possible to get luxuriant growth on the surface of liquid 
media (23), and then on the surface of entirely synthetic 
liquid media (24, 92), the possibility arose of preparing more 
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potent paratuberculins and "purified protein derivatives" 
(PPD's) from paratuberculin (29, 32, 44). 
Bang (4) injected the avian tuberculin subcutancously, 
which, in sensitive animals, elicited an elevation in the body 
temperature between 9 and 19 hours after injection. Following 
intravenous injection of paratuberculin, the average fever 
curve begins to rise after one hour, reaches a peak after 5 to 
6 hours, and then falls gradually (33). 
The sensitivity to avian tuberculin may also be demon­
strated by injecting a small amount (0.1 to 0.2 ml.) of the 
tuberculin intradermally, and observing the site of injection 
again 48 hours later (76). A positive reaction is indicated 
by local swelling and sometimes by a small necrotic spot at 
the site of the injection. In such tests it is customary to 
measure the thickness of a skin fold at the proposed site 
before the injection is made and again at the time the test is 
read. The difference between the two measurements indicates 
the increase in thickness caused by the injection. At pres­
ent, the intradermic test employing mammalian (from strains of 
M. tuberculosis of human origin) tuberculin has superseded all 
others as a means of disclosing tuberculous infections in 
cattle and other domestic animals (25), and the use of intra­
dermally injected paratuberculin is common in groups of cattle 
or sheep suspected of containing paratuberculous animals (45). 
The histologic features of the intradermic reaction to 
mammalian and avian tuberculin in cattle has been studied by 
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Feldman and Fitch (25). They found that the local reactive 
processes following injection of tuberculin were essentially 
the same pathologic changes regardless or whether lesions or 
tuberculosis could or could not be seen at necropsy. Vari­
ations in the severity or intensity of the inflammatory proc­
ess often were found, but the elements entering into the 
cellular reaction and the resultant pathologic pattern were 
remarkably consistent. There were always multiple prolifer­
ative foci of histiocytes that exhibited a characteristic 
predilection for the adventitial zones of the blood vessels 
and the perineural tissues. The histiocytes predominated in 
all these reactive processes, and while lymphocytes usually 
were demonstrable in variable numbers, polymorphonuclear 
leukocytes were significantly absent except in a few instances 
when small abscesses had developed. Langhans giant cells us­
ually were present, as were acidophilic granulocytes. Feldman 
and Fitch believed that the local swelling in the tuberculin 
reaction is due to hyperplasia of cellular elements, especial­
ly the histiocyte, and is not dependent on the presence of a 
serous exudation. 
Sigurdsson (76) reviewed the many reports on the use and 
usefulness of allergic tests for the diagnosis of paratuber­
culosis . It was his opinion that they have been disappointing 
as tools of diagnosis in natural infections because infected 
animals sometimes do not become positive until the disease is 
rather advanced, they become negative again in the later 
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stages of infection, and false positive reactors are common. 
More recently, Larsen et al. (45) have found that a large 
per cent. Age of infected cattle never become rcactors. 
Serology 
Complément-'fixation tests 
Twort (87) attempted to apply the complement-fixation 
test to the diagnosis of paratuberculosis in 1912. Nearly 
every worker concerned with this disease since then has pub­
lished at least one paper on the subject. In hia review of 
this subject, Sigurdsson (vb) concluded that with the antigen 
preparations then available (up to 1956) the practical useful­
ness of the complement-fixation test in any given animal pop­
ulation depended not only on the accuracy of the test as such, 
but also on the immunological experience of that population 
with antigenieally similar materials presumably originating 
from related infections. Obviously a "genus-specific" comple­
ment-fixation test will be of less value for diagnosing para­
tuberculosis in populations latently or overtly infected with 
other pathogenic species (M. tuberculosis or M. bovis) or 
sensitized to saprophytic mycobacteria. He thought that 
"false positive" reactions were certain to occur in such popu­
lations unless the serological test could be made species 
specific by employing a purified antigen, 
A species-specific antigen for use in the complement-
fixation test for paratuberculosis in cattle has been 
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described (56), but its efficiency has not yet been deter­
mined by the thorough cultural examination of all reactors and 
non-reactors from infected herds in which the test is used. 
Hemagglutination tests 
Middlebrook and Dubos (60) observed that sheep erythro­
cytes will absorb components from extracts of the tubercle 
bacillus and then became agglutinable by sera containing the 
appropriate antibody. This hemagglutination test has been 
modified for the diagnosis of paratuberculosis (45), but gen­
erally exhibits even less specificity than the complement-
fixation reaction (47). 
Gel-diffusion precipitin tests 
Kabat and Mayer (40) listed approximately 70 references 
concerning the gel-diffusion precipitin test* It was first 
applied to the study of antibodies against mycobacterial anti­
gens by Parlett and Youmans (65). This latter use of the test 
has been applied principally to antibodies formed in man and 
various laboratory animals (14, 19, 20, 48, 49, 50, 65, 66). 
Long and Top (53) attempted to use the gel-diffusion 
precipitin test with sera of tuberculous cattle, but were un­
able to obtain positive results with serum from tuberculin-
reactor cattle that had visible lesions at post-mortem examin­
ation. The only positive results were obtained when serum 
replacement or serum enhancement techniques were employed, and 
these occurred only at low titers. 
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A method has now been developed which allows the detec­
tion of precipitins in the sera of tuberculous cattle (90). 
It employed a bacteriophage lvsate of M. amegmatis ar antigen 
and the gel contained 18.,0 per cent sodium chloride and was 
adjusted to pH 5.0. With positive sera, this test usually 
produced a single broad band of precipitate. 
The difficulties observed in the use of bovine sera have 
not been found in the application of the gel-diffusion precip­
itin test to ovine sera. The applicability of this test has 
been demonstrated with the sera of sheep that had been inoc­
ulated with whole cells, cell walls, or protoplasm of M. para­
tuberculosis in incomplete Freundrs adjuvant (59). The prin­
cipal difference between this test and most of those previ­
ously reported was the use of protoplasm as antigen rather 
than various culture filtrate preparations. With high titered 
sera 5 to 10 precipitation bands were formed. The gel-diffu­
sion precipitin test for paratuberculosis has not yet been 




Histochemistry is the application to tissue sections of 
appropriate reagents to demonstrate, by the development of an 
intense color, the localization within the tissue of specific 
chemicals. In a few instances, the amount of dye deposited 
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.can be used as a quantitative measure of the amount of chemi­
cal present, as with the Feulgen reaction for deoxyribonucleic 
acid, but in most cases the amount of dye is only partially 
correlated with the amount of the chemical originally present. 
This is especially true of the reactions for the demonstration 
of enzymes, where the enzymatic activity, along vzith many 
other variables, determines the amount of dye deposited. 
Two general types of histochemical reactions will be con­
sidered in this report—those which demonstrate hydrolytic 
enzymes and those for dehydrogenases. 
Hydrolases According to Pearse (67), there are four 
types of histochemical reactions for hydrolytic enzymes: 
"1. Simultaneous capture (coupling, conversion, chelation); 
2. Post-incubation coupling (chelation, conversion); 3, 
Self-colored substrate (solubility change); and 4. Intra­
molecular rearrangement." Of these the first is of greatest 
importance, and operates in the older metal salt precipitation 
techniques, such, as those for acid and alkaline phosphatases, 
in the azo dye methods for various hydrolyti c enzymes when the 
coupler may be either naphthoi or naphthylamine, and in the 
metal chelation of formazans from mono and di-tetrazolium 
salts. 
The enzymes responsible for hydrolysis of phosphate 
esters can be divided into the mono, di- and triphosphatases, 
and most ids to chemical techniques are designed for 
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demonstration of the first of these. Usually the phosphomono-
esterases are not specific with respect to the alcohol radical 
that is attached to the phosphoric acid group and hence they 
hydrolyze a wide variety of organic phosphates. They are fur­
ther divided on the basis of their optimum pH levels in vitro. 
Those with optima above pH 7,0, especially those that work at 
pH 9.0 or above are called alkaline phosphatases, and those 
with optima below pH 7.0 are the acid phosphatases. 
It is probable that the most important in vivo activity 
of these phosphatases is concerned with the transfer of phos­
phate from one alcohol to another. 
Alkaline phosphatase According to Gomori (31), 
the first histochemical procedure for the demonstration of 
alkaline phosphatase, the calcium phosphate method, was pub­
lished by Takamatsu in 1938, in a journal not readily accessi­
ble to Western readers. In 1939, the procedure was republished 
and was independently and simultaneously described by Gomori 
(30). This method was based on the fact that, if sections 
were incubated with glycerophosphate at an alkaline pH in the 
presence of calcium ions, the liberated phosphate ions would 
be precipitated as calcium phosphate which was converted first 
into cobalt phosphate and then into black cobalt sulfide. 
Frequently this method produced nuclear staining due to dif­
fusion of calcium phosphate. Precise localization of the 
sites of enzyme activity was achieved by azo dye techniques, 
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summarised by Pearse (67), in which alpha-naphthyl phosphate 
or one of the naphthol AS phosphates was used as substrate and 
a diazonium salt present in the medium combined with the 
coupler when it was released from the substrate. 
Acid phosphatase Acid phosphatase utilizes the 
same substrates as does alkaline phosphatase, except that the 
optimum pH i@ below 7.0, usually in the range of pH 5.0 to 
o.O. Gomori (51) cited Gomori (50) for the original histo­
chemical method for acid phosphatase. This method utilized 
the hydrolysis of glycerophosphate at pH 5.0 in the presence 
of lead ions. Lead nitrate was used instead of calcium 
nitrate in the incubating solution because its phosphate is 
insoluble at pE 5.0. The precipitated lead phosphate is con­
verted by means of yellow ammonium sulfide into the brown sul­
fide of lead. There have been many reports on the failure of 
the Gomori procedures for acid phosphatase. Pearse (67) 
stated, "Since the distribution of precipitate has thus been 
shown to be variable, depending on physiochemical conditions 
rather than on enzyme distribution, it is necessary to con­
clude that the lead phosphate technique, at best, gives only 
an approximate or topographical picture of the distribution of 
acid phosphatases in the tissues." 
The azo dye methods for acid phosphatase have suffered 
from two deficiencies : lack of a substrate that would yield a 
hydrolysis product of low solubility and high sub st ant i vi ty, 
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and of a capture reagent that would couple rapidly in acid 
media to produce an insoluble amorphous azo dye. The phos­
phate esters of various naphthol AS derivatives (15) gave 
improved localization in freeze-dried material because of the 
increased protein affinity and extremely low solubility of the 
naphtholic hydrolysis product. On the other hand a major re­
finement in diazonium coupling technique followed the intro­
duction of "hexazonium pararosanilin" (22). The use of fresh­
ly diazotized pararosanilin with alpha-naphthyl phosphate in a 
simultaneous coupling azo dye method for acid phosphatase (5) 
resulted in a significant improvement because of the many 
desirable characteristics of the final azo dye. 
Barka and Anderson (7) reported that using alpha-naphthyl 
phosphate as the substrate, better localization is obtained 
with hexazonium pararosanilin than with any stabilized diazon­
ium salt thus far tested. 
Esterase Pearse (67) states that most of the 
substrates for the histochemical demonstration of esterases 
are hydrolyzed by a number of different enzymes. For this 
reason it is difficult accurately to classify the methods 
which employ them. Gomori (31) defined the term "esterase" 
as an enzyme which would hydrolyze esters of carboxylic acids. 
Esterases were divided into two large groups: aliesterases, 
which hydrolyze esters of N-free alcohols, and cholinester-
ases, which hydrolyze esters of choline. The aliesterases 
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were subdivided into lipases which split fats and oils, and 
esterases, which hydrolyze simpler esters of monohydric alco­
hols . The first substrates to be used for histochemical dem­
onstration of aliesterase were the Tweens, the long chained 
fatty acid esters of D-sorbitol or D-mannitol. 
Davis (21) used alpha-naphthyl acetate as substrate with 
hexazotized pararosaniline for coupling. Gomori (31), Moloney 
et al. (61) and others have suggested the use of a variety of 
naphthol AS derivatives for the demonstration of esterase. 
Pearse (67) considered that for surveying paraffin-em­
bedded tissues the substituted AS acetate methods are excel­
lent, and he preferred the AS-D acetate to AS-LC acetate, with 
Fast blue BE salt or Fast black K salt. He stated that these 
did not necessarily produce the most accurate localization of 
enzyme, however, and probably the alpha-naphthyl acetate 
method would continue in general use for the more accurate 
cytochemical localization. 
Dehydrogenases The main difference between the meth­
ods used for the hydrolytic enzymes and those used for the 
dehydrogenases is that for the demonstration of hydrolytic 
enzymes, the natural substrate is seldom employed, while for 
the demonstration of dehydrogenases, it is always used. 
Therefore, in the demonstration of dehydrogenases, all the 
factors taking part in the reaction can be those that are 
concerned with the reaction in vivo except for the presence of 
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a tetrazolium salt which, when reduced produces an insoluble, 
highly colored formazan (67). 
The most widely used tetrazolium salt is Nitro-BT; pro­
posed by Tsou et al. (84). The function of the tetrazolium 
salt is to act as an acceptor of electrons from the oxidized 
substrate, These electrons, if not intercepted, would normal­
ly pass by way of a succession of carriers to molecular oxy­
gen. 
According to Pearse (67) the intact membrane of the mito­
chondrion constitutes a barrier to the penetration of the 
tetrazolium salt so that the larger ditetrazolium salts may 
penetrate slowly or not at all. In media fully protected with 
polyvinylpyrrolidone, the penetration of Nitro-3T into the 
mitochondrion is reduced to a low level and the amount of 
formazan is correspondingly small (91). It is necessary for 
the mitochondrial membrane to be damaged (as in the freezing 
and thawing of cryostat sections) before an adequate result 
can be obtained with Nitro-BT in the case of enzyme systems 
localized within the mitochondrion. 
Three of the dehydrogenases that can be demonstrated 
histochemically are main components of the tricarboxylic acid 
cycle. These are succinate and malate dehydrogenases and the 
NADP-linked isocitrate dehydrogenase that in homogenization 
studies is found mainly in the supernatant. The succinate and 
malate dehydrogenase 3 are the best indicators of tricarboxylic 
acid cycle activity because the isocitrate dehydrogenase may 
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be providing alpha-ketoglutarate for synthetic systems outside 
the cycle. 
The pentose cycle provides an alternative pathway for the 
oxidation of glucose and ii; provides a route for the synthesis 
of pentose nucleotides for the building-up of nucleoproteins. 
It is possible to demonstrate histocheznically two of the en­
zymes contributing to the pentose cycle, glucose-6-phosphate 
dehydrogenase and 6-phosphogluconate dehydrogenase. Histo-
ehemically the association of these two is found, as expected, 
to be very close (67). 
Practice 
Intestinal distribution 
A few investigators have studied the topographical 
distribution of intracellular enzymes in the mucosa of the 
intestine of mammals. Much of this information is fragmentary 
(2, 8, 74). Jarvis (38) has studied the distribution of acid 
and alkaline phosphatases in the mucosal epithelium of the 
small intestine of the normal rat, guinea pig, and rabbit. 
She found that in the rat, they are distributed along a gradi­
ent decreasing from the duodenum to the ileum, and increasing 
from the neck of the crypts to the tip of the villi. In the 
rabbit and guinea pig, the maximum activity was observed in 
the middle third of the small intestine and at the base of the 
villi. 
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Alkaline phosphatase activity in the lamina propria was 
slight in all three species. Diffuse mesenchymal activity was 
highest in the rat and most marked at the level of the crypt-
villus junction; in the guinea pig and rabbit it sometimes was 
present around the base of the crypts; the endothelium of the 
capillaries and neutrophils also sometimes showed alkaline 
phosphatase activity. 
Alkaline phosphatase activity has been related to the 
absorption of nutrients from the gut (62, 70), and it has been 
demonstrated by electron microscope methods to exist as drop­
lets between the microvilli of the cuticular border or rat 
intestine and in round deposits in the lumen of the gut (34). 
Barka (6, 8) related acid phosphatase activity to pino-
cytic and reverse pinocytic activities of the intestinal epi­
thelium and phagocytic cells. Jervis (38) observed acid phos­
phatase activity in isolated epithelial cells, presumably 
Paneth cells, at the bottom of the crypts in the rat and rab­
bit small intestine, but not in the Paneth cells of the guinea 
Pig. 
In the lamina propria, the cells of the reticuloendothe­
lial system, especially the pigment-containing macrophages of 
the guinea pig and the rabbit, showed various degrees of ac­
tivity. 
Lojda and Fabry (52) described 3 zones of esterase ac­
tivity in the cytoplasm of the superficial epithelium of the 
small intestine in rats. They found the enzyme to be local­
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ized beneath the cuticular "border, supranuclear in the area 
of the Golgi apparatus and at the base of the cells. Bolt et 
al. (9) and Wachstein et al, (89) found that the epithelial 
cells of the small intestine of man presented a uniform ester­
ase reaction in the cytoplasm in most instances. However, in 
several polyps of the large intestine, esterase activity was 
found in the area of the Golgi apparatus and at the base of 
the epithelial cells. 
Liu et al. (51) examined intestinal tissues for the pres­
ence of succinate dehydrogenase. They found that the mito­
chondria of the epithelial cells were discretely stained, 
vertically oriented, and most concentrated apically and bas-
ally. Striated border and cytoplasmic background along lat­
eral cell borders and in the Golgi zone were not stained. 
Jervis (38) concluded that no generalizations are pos­
sible regarding the localization of enzymes in the intestine; 
each species and each portion of the intestine must be con­
sidered separately. Since the differences observed may have 
reflected functional differences, she suggested that investi­
gators must beware of basing interpretations of intestinal 
functions on findings obtained from the study of the intestine 
in any one species or at any one level of the organ. 
Distribution of enzymes in lymph nodes Braunstein et_ 
al. (11) studied the distribution of various enzymes in human 
lymph nodes. They found that lymphocytes demonstrated slight, 
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but distinct, acid phosphatase activity in the form of dis­
crete cytoplasmic granules. Succinate and isocitrate dehydro­
genases were present in moderate concentrations. Giucose-G-
phosphate dehydrogenase was greater in pulp lymphocytes than 
follicular lymphocytes. Neither the phosphatases nor the 
esterase were demonstrated in the germinal center cells. Suc­
cinate dehydrogenase activity was strong in the germinal cen­
ter cells, and the activities of glucose-6-phosphate dehydro­
genase and isocitrate dehydrogenase were variable. 
Enzymatic reaction? of lymph node histiocytes tended to 
vary with ualiular activity, being generally stronger in ac­
tively proliferating cells. Acid phosphatase and esterase 
activities were invariably strong, while the succinate, iso-
citrate, and glucose-ô-phosphate dehydrogenases ranged from 
minimal activity in resting to strong activity in prolifer­
ating cells. 
Braunstein _et al. (12) also studied the distribution of 
enzymes in lymph nodes exhibiting tubercular granulomas. 
Again there was strong non-specific esterase and acid phospha­
tase activity in the epithelioid cells. Succinate, isocit­
rate, and glucose-6-phosphate dehydrogenases, along with the 
other enzymes active in intermediary metabolism, were present 
in considerably increased quantities. The isocitrate dehydro­
genase was markedly increased in the granulomatous epithelioid 
cells as compared to inactive histiocytes. 
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Distribution of enzymes in peritoneal and alveolar ex­
udate cells, Allison et al. (1) studied the metabolism, of 
peritoneal mononuclear cells from rabbits vaccinated with BCO 
(a partially attenuated strain of M. bovis) by means of the 
Thunberg tube. The utilization of succinate, isocitrate, and 
glucose-6-phosphate showed an early depression in activity, 
with a subsequent rise later to normal or above normal. The 
degree of depression was generally 50 to 80 per cent of normal 
activity 2 to 5 days after the second injection of BCG, with a 
later rise to as much as 150 per cent above normal. Acid 
phosphatase activity gradually rose during che experiment. 
Gohn and V/iener (17) studied the enzymology of BOG in­
duced alveolar and peritoneal macrophages. They found that 
alveolar macrophages have a large number of heterologous cyto­
plasmic granules, while peritoneal macrophages contain few 
granules. Both contain large numbers of mitochondria and a 
wider range of cytoplasmic organelles than adult polymorpho­
nuclear leukocytes. Acid phosphatase activity of normal alve­
olar macrophages was approximately 10 times that of peritoneal 
macrophages, and that of the BCG-induced alveolar macrophages 
about 50 per cent higher than normal alveolar macrophages. 
Esterase activity of BCG-induced alveolar cells was approxi­
mately 5 times that of normal alveolar cells and these in turn 
were approximately 5 times as active as peritoneal macro­
phages. The esterase activity was distributed equally in 
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soluble and particulate fractions. There was a lack of any 
demonstrable bacteriocidal material in macrophage granules. 
They stated that the macrophage differentiates in the 
tissues in response to inflammatory stimuli and under environ­
mental conditions in which phagocytosis and pinocytosis may be 
taking place. Many macrophage granules may therefore have 
represented "phagosomes" or "residual bodies" remaining from 
previous endocytic events and containing foreign material. 
They thought there may also have been "primary lysosomes" 
present. Following particle ingestion (18) each of the hydro­
lases was liberated in a non-partieulatc form that could "be 
recovered in the high-speed supernatant. It appeared that the 
granule contents were liberated into the vicinity of the phag­
ocytic vacuole. 
Baker and Klapper (i5) demonstrated that succinate dehy­
drogenase and other oxidative enzymes were present in high 
concentration in the foreign body giant cell cytoplasm. 
Enzyme distribution in tuberculin skin reaction. 
Nagaya and Sieker (63) examined the histochemical alterations 
in the tuberculin reaction in the skin of man and guinea pigs. 
In guinea pigs both acid and alkaline phosphatase activities 
were significantly increased by six hours after inoculation in 
the upper dermis, the perivenous areas of the deep dermis, and 
the subcutaneous fatty tissues, where the typical mononuclear 
cell invasions were observed. The majority of the increased 
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enzyme activity appeared to "be localized in the infiltrating 
cells, and under high magnification, granular staining of acid 
phosphatase could be identified in some cells, but alkaline 
phosphatase occurred diffusely through the cell. The activity 
of both phosphatases in the specimens obtained at 14 through 
48 hours after injection was markedly increased in the entire 
dermis, subcutaneous fatty tissues, and in the septa of the 
underlying muscle tissues, with striking accentuation in the 
perivenous areas. 
In contrast to the relatively high phosphatase activity 
in the guinea pig tuberculin reaction sites, the specimens 
obtained from humans showed considerably less increase of acid 
phosphatase activity, and there was no demonstrable increase 
in alkaline phosphatase activity. 
30 
MATERIALS AND METHODS 
Source and Treatment of Lambs 
For these experiments, 45 Corriedale lambs were selected 
at random from a flock containing 194 ewes. Eighty of the 
ewes ware randomly selected and skin tested in the caudal fold 
with paratuberculin one week before parturition. All animals 
tested were negative. The lambs were moved from the farm to 
the laboratory at 2 weeks of age and were divided randomly 
into 2 groups of 18 and one group of 9 lambs. Each group was 
kept in a separate room of concrete construction containing 
170 square feet of floor space. The temperature and relative 
humidity were kept at 70°F and 45 per cent respectively. 
Animal caretakers were required to wear rubber boots and to 
disinfect them when entering or leaving the rooms. 
The lambs were bottle-fed a 10 per cent aqueous suspen­
sion of calf milk replacer until they were weaned and were 
given water and alfalfa hay free choice at all times. They 
were given small quantities of calf starter pellets free 
choice and the quantity of pellets was gradually increased to 
4 ounces of pellets per lamb per day. Wood shavings were used 
for bedding on the floor and the floor was washed daily. 
The lambs were maintained in the animal rooms one week 
before inoculation to allow them to adapt to their new envir­
onment. During this period they were skin tested with para­
tuberculin, and all were found to be negative. 
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Source of Inoculum 
M. tuberculosis has been shown to alter their metabolism 
radically depending on whether they have been grown in vitro 
or in vivo (75). A large difference in hydrogen transfer 
capacity was shown to exist between the organisms of a viru­
lent strain grown in artificial media and those grown in the 
lungs of mice. The adaptive nature of the observed biochem­
ical difference a was inuieabeu by a reversion to in vitro 
characteristics after primary growth in artificial medium. 
The adaptability of M. paratuberculosjs is shown by its change 
from smooth colonies to rough which are capable of growing on 
the surface of liquid media, and eventually to a capacity to 
grow without mycobactin in the liquid medium. Because of this 
adaptability, it seemed preferable to employ in vivo grown 
la. paratuberculosjs for these experiments to insure that the 
organisms received by the lambs would be as nearly identical 
to those obtained in natural infections as possible. 
Taylor (83) reported that he had isolated 3 varieties of 
M. paratuberculosjs from naturally infected sheep. These con­
sisted of the typical E. paratuberculosjs found both in cattle 
and sheep, which produce white colonies visible by 4 weeks 
after inoculation and which require up to 25 per cent egg yolk 
in the medium: a second strain which he identified as the 
"Icelandic strain" which required at least 57 per cent egg 
yolk in the medium and at least 7 weeks before visible, white 
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colonies were formed; the third strain was "pigmented" - it 
caused an orange coloration in the infected intestine and 
produced orange colonies when it grew on medium. It required 
50 per cent egg yolk in the medium and 6 to 8 weeks for visi­
ble colonies to be formed. More recently, Stuart (81) iso­
lated a pigmented bovine strain otherwise similar to the 
typical M. paratuberculosjs. The Icelandic and pigmented 
strains have not been reported in the United States. 
The organisms used in these experiments were typical M. 
paratuberculosjs common to both cattle and sheep. The inoc­
ulum was harvested from a steer with clinical par"tuberculosis 
which had been infected in like manner by passage from a 
naturally infected cow. Organisms used for inoculum had never 
been cultured in vitro. The steer was electrocuted, the in­
testine was removed and washed with water, and the mucosa 
scraped from it. Approximately 4 liters of mucosa was thus 
obtained. A total of 2 liters of this was then digested by 
mixing aliquots of mucosa with equal volumes of 2.5 per cent 
trypsin and chopping 2 minutes in a blender at 20,000 r.p.m. 
to disintegrate the host cells. During digestion the mixture 
was stirred constantly in a water-bath maintained at 38°C. 
The pH was maintained at 7.5 to 8.0 during digestion by adding 
sodium hydroxide. Digestion required up to 30 minutes per 
aliquot. 
After digestion, the suspension was filtered through 
cheesecloth, then centrifuged 30 minutes at 3,000 r.p.m. in a 
33 
centrifuge maintained at 10°C. The resulting sediment was 
resuspended in water and again centrifuged. A sample of the 
final sediment was stained by the Ziehl-Neelsen method, and 
appeared to be entirely free of everything except M. paratu­
berculosis. The total sediment was deposited between stacked 
filter paper and blotted under a one kg. weight for 2 hours, 
A sample of this blotted material was weighed and dried in an 
oven 3 hours at 100°C which produced a nearly constant weight. 
The ratio of "blotted weight" to oven dried weight was used to 
calculate the amounts of blotted material to be resuspended 
for the inoculum. The drained organisms were resuspended in 
0.25 IT NaOH (100 mg. dry weight per ml.). After 30 minutes at 
room temperature, the NaOH was neutralized with an equal vol­
ume of 0.25 N H01. The entire procedure from electrocution of 
the steer to inoculation of the lambs was completed within 50 
hours. 
Inoculation 
The group containing 9 lambs was inoculated intravenously. 
Each lamb received 50 mg. dry weight of M. paratuberculosjs 
suspended in 4 ml. of saline, in the jugular vein. Fifty mg. 
of organisms were inoculated intratrache ally into each of the 
18 lambs in another group. The organisms were resuspended in 
2 ml. of saline and injected into the trachea by means of an 
automatic syringe attached to an air hose with air pressure 
equivalent to 4 inches of water. The purpose of this method 
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was to produce an aerosol within the trachea so that the or­
ganisms would be evenly distributed in the lungs. Each of the 
lambs in the remaining group of 18 was inoculated orally by 
feeding 200 mg, of organisms suspended in its bottle of milk. 
retroff and Steenken (68) found that one mg. dry weight 
of a "homogenous type of tubercle bacilli" represented approx-
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imately 3 x 10 tubercle bacilli. Brotherston et al. (13) 
found 10° to 10s M» paratuberculosjs per 2 mg. wet weight. 
If it is considered that moist mycobacteria contain 85 per 
cent of water, then their value is 3.3 x 107 to 3.3 x 108 per 
mg. dry weight, which agrees fairly well, with the earlier 
value of Petroff and Steenken. In any case, M, paratubercu­
losjs has a very strong tendency to clump and any enumeration 
system used will be much less reproducible than a basis of 
dry weight. 
Clinical 
During the course of these experiments, blood samples 
were taken every 2 weeks and skin tests with paratuberculin 
were conducted every 2 weeks during the first 4i months, and 
every 4 weeks thereafter. The skin test sites were alternated 
between the right and left caudal folds and the right and left 
groin areas to prevent desensitization. The sera were separ­
ated from the blood samples by allowing clotting and contrac­
tion at room temperature for 2 to 4 hours, and then refriger­




Lambs were electrocuted and necropsled at one, 4, 8, and 
1G days, aiiu one, 2, 4, 5, and 16 months arter inoculation. 
At each date, the individuals were randomly chosen unless some 
in the group appeared to be sick, in which case the sick ones 
were selected. At one and 4 days after inoculation, one lamb 
from each group was examined => Beginning 8 days after iaocu-
l.atioTij one lamb from the intravenous group, 2 from the intra­
tracheal group, and 2 from the oral group were necropsied at 
each date. Three uninoculated, 5-month-old lambs were necrop­
sied to provide control tissues. 
Each tissue specimen was divided into 5 parts: one part 
was kept for culturing, one part placed in formalin for histo­
logical examination, and one part frozen in 5 per cent gelatin 
in saline for histochemical studies. The gelatin solution at 
room temperature was poured into 3 inch by 5 inch plastic 
bags, the specimens were immersed in the gelatin, the bags 
were heat sealed and immersed in an alcohol-dry ice bath until 
the specimens and gelatin were frozen solid. These frozen 
specimens were stored at -50°C until required for histochem-
ical studies. Specimens of 35 tissues were taken from each 
lamb for cultural, histological, and histochemical studies, 
and an additional 40 specimens were taken from each lamb for 
histological examinations alone. The histological examina­
tions were conducted by John P. Kluge (41). 
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The following tissues were taken from each animal for 
cultural and histochemieal examinations Digestive system -
pylorus, duodenum, jejunum, ileum, ileocecal valve, cecum, 
spiral colon, terminal colon, rectum, and liver; Lymphatic 
system - abomasal, bronchial, cecal, hepatic, inguinal, in­
ternal iliac, mediastinal, mesenteric, parotid, prefemoral, 
prescapular, retropharyngeal, ruminai, and submaxillary lymph 
nodes, spleen, and tonsil; Respiratory system - right and 
left apical, right and left cardiac, intermediate, and right 
and left diaphragmatic lobes of the lungs; and Urogenital 
system - kidneys. 
Culture Procedure 
The method of culturing followed that recommended pre­
viously (58). The specimens taken for culturing consisted of 
pieces of tissue weighing 0.1 to 0.5 g. Each specimen was 
chopped in a blender 2 minutes at 20,000 r.p.m. in approxi­
mately 20 ml. of 2.5 per cent trypsin. The suspensions were 
poured into 50 ml. capped centrifuge tubes, the pH was adjust­
ed to 1 ,Z to 8.0 with sodium hydroxide, and the tubes were 
shaken horizontally 30 minutes at 22°C. They were then cent-
rifuged 30 minutes at 10°C, the supernatant fluid was decant­
ed, and the sediment was resuspended in 40 ml. of 0.1 per cent 
benzalkonium chloride solution in water for decontamination. 
After 5 to 7 days in the decontaminant, the sediment was 
taken-up, along with approximately 0.4 ml. of the benzalkonium 
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chloride solution, and distributed onto 4 slants of the modi­
fied Eerrold's medium. The tubes were incubated in a slanted 
position at 38°C with the caps loosened to allow the fluid to 
evaporate. Cue week after inoculation, the tubes were exam­
ined for contaminants, and the caps were tightened on the re­
maining tubes. The tubes were examined 3 months after inocu­
lation for colonies of M. paratuberculosjs. Colonies thought 
to be M. paratuberculosjs were verified by subinoculation onto 
a tube of the modified Herrold's medium and a tube of a simi­
lar medium, but without M. phlei as a source of mycobactin. 
Smears from the colonies were stained with the 7,iehl-TJeelsen 
technique to be sure they were acid-fast. 
Serological Procedures 
Preparation of antigens 
Antigens were prepared from a laboratory strain of M. 
paratuberculosjs capable of growth as a pellicle on the sur­
face of a synthetic liquid medium without mycobactin. The 
complement-fixation antigen was prepared as described by 
Vardaman and Larsen (88) and Larsen et al. (46). This antigen 
is prepared by refluxing a mixture of M. paratuberculosjs 
cells and a powder of dried intestinal mucosa. Paratuberculin 
PPD for use in the hemagglutination test (43, 60) is a tri­
chloroacetic acid precipitate of culture filtrate. To prepare 
the antigen for the gel-diffusion precipitin tests, the organ­
isms were ruptured in the Hughes press (37), the mass was 
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thawed, and was diluted with a volume of water equal to the 
weight of the mass. 
Conduct of tests 
The complement-fixation test was conducted according to 
the methods of Vardaman and Larsen (88) and Larsen et al. 
(46), and the hemagglutination test according to the methods 
of Larsen et al. (43). The complement-fixation and hemagglu­
tination tests were conducted by Aubrey B. Larsen1. The gel-
diffusion precipitin tests (59) were carried out in plates 
containing a gelled solution consisting of one per cent agar, 
0.1 per cent sodium azide, 10.0 per cent phosphate buffer 
(0.067 M, pH 7.4), and 0.8 per cent sodium chloride. 
In the complement-fixation and hemagglutination tests the 
sera were heat inactivated ana tested in dilutions of 1:8, 
1:16, 1:32, and 1:64, and the titer recorded as the highest 
dilution that produced complete fixation of complement or com­
plete agglutination of erythrocytes. In the gel-diffusion 
precipitin test, the sera were used without heating and with­
out dilution. The intensity of the reaction was indicated by 
giving a value of one to a single, narrow band of precipita­
tion, a value of 2 to a single, broad band or to 2 narrow 
bands, etc. For each serum these values were added to repre­
sent the total intensity. 
^Larsen, A. B. National Animal Disease Laboratory, Ames, 
Iowa. Data from complement-fixâtion and hemagglutination tests 
of sheep sera. Private communication. 1965. 
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Allergy Tests 
The paratuberculin employed in the delayed hypersensitiv­
ity skin testa was prepared from the same strain or M. para-
tuberculosis as used in the serological tests. The cultures 
were steamed 3 hours, filtered, and the filtrate evaporated to 
20 per cent of its original volume. An equal volume of one 
per cent phenol in 0.85 per cent sodium chloride was then 
added. 
This paratuberculin was injected intradermally in 0.2 ml. 
amounts. The intensities of the skin reactions were recorded 
48 hours later according to the increase in skin thickness : 
an increase of 3 mm. received a value of one ; 6 mm. a value of 
2; 9 mm. a value of 3; etc. 
Hiatochemistry 
The tissues to be sectioned for histochemical studies had 
been stored at -50°C. They were sectioned in a cryostat main­
tained at -30°C, with the microtome adjusted to produce sec­
tions approximately 6 microns thick. 
It was considered desirable to find methods for the dem­
onstration of each enzyme which would allow the concurrent 
demonstration of any M. paratuberculosjs present by following 
the histochemical staining with an acid-fast stain. Contrast­
ing colors for the enzyme deposited dye, the organisms, and 
the counterstained nuclei were sought. 
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Since sections cleared in organic solvents and mounted in 
synthetic mounting media are more permanent than those mounted 
in water soluble media, histochemical methods were sought in 
which the deposited dye would tolerate zaehl-iNeelsen staining 
with its acid-alcohol decolorization, followed by nuclear 
counterstaining, dehydration in graded alcohols, clearing in 
xylene, and mounting in synthetic media. 
In each case, contrast between the enzyme-deposited dye 
and the acid-fast stained organisms and accuracy of the local­
ization of the dye were considered to be the most important 
factors controlling the choice of methods to be used. 
General stains and solutions 
Carbol fuchsin 0.3 g. basic fuchsin dissolved in 
10.0 ml. ethyl alcohol and mixed vâth 
90,0 ml, 5$ phenol in distilled water 
Filter 
Mayer's hematoxylin 
1.0 g. hematoxylin dissolved in 
1,000.0 ml. distilled water, and add 
50.0 g. potassium alum, 
0.2 g. sodium iodate, 
1.0 g. citric acid, and 
50.0 g. chloral hydrate 
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Acid alcohol 
30.0 ml. concentrated hydrochloric acid 
970.0 ml. 95% ethyl alcohol 
Câloiuûi xoriiiol 
10.0 g. calcium chloride dissolved in 
1,000.0 ml. 10% formalin, and adjust to 
pH 7.0 with N/Na0H just before use 
Mounting media The synthetic mounting medium, 'Per-
mount,' and the water soluble mounting medium, 'Glycerine 
Jelly,5 were obtained from Fisher Scientific Company, Fair 
Lawn, H. J. 
Acid phosphatase 
The "hexazonium pararosaniline" method ' 7.} was chosen 
for the demonstration of acid phosphatase. This method yields 
a non-granular, brown dye deposit at the sites of enzyme ac­
tivity. The deposited dye is insoluble in alcohols, xylene, 
and synthetic resin, and contrasts well with the red of the 
carbol fuchsin stained organisms. 
Stock solutions 
Pararosaniline solution 
1.0 g. pararosaniline hydrochloride 
5.0 ml. concentrated hydrochloric acid 
20.0 ml. distilled water 
The hydrochloric acid was diluted with the water, and the 
pararosaniline added and dissolved with gentle heating. The 
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solution ;vas filtered after cooling and stored at room temp­
erature . 
Sodium nitrits solution 
4.0 g. sodium nitrite 
100.0 ml. distilled water 
The solution was prepared fresh each week and stored at 
4°G. 
Michaelis veronal acetate buffer stock solution 
5.85 g. anhydrous sodium acetate 
14.71 g. sodium barbiturate 
The sodium acetate and barbiturate were dissolved in 
carbon dioxide-free distilled water to a final volume of 
500.0 ml. 
Sodium alpha-naphthyl phosphate solution 
400.0 mg. sodium alpha-naphthyl phosphate 
100.0 ml. Michaelis buffer stock solution 
The sodium alpha-naphthyl phosphate was dissolved in the 
buffer and stored at 4°C. 
Incubating solution 
0.8 ml. pararosaniline stock solution 
0.8 ml. sodium nitrite stock solution 
5.0 ml. sodium alpha-naphthyl phosphate solution 
10.0 ml. distilled water 
The pararosaniline and sodium nitrite solutions were 
mixed and added to the solution of sodium alpha-naphthyl phos­
phate and water. The pH was adjusted to 6.0 with N sodium 
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hydroxide using a pE meter and distilled water was added to a 
final volume of 20.0 ml. 
The method chosen for the demonstration of alkaline phos­
phatase employed naphthol AS-TR phosphate (4f-chloro-3-
hydroxy-2-naphtho-o-toluidine phosphate) as substrate and Fast 
blue BB salt (4-benzoylamino-2:5-diethoxyaniline) as coupler. 
This combination produced good contrast- with the acid-fast 
stained organisms and hematoxylin stained nuclei, small parti­
cle size, and was not soluble in the solvents employed. 
Incubating solution 
0.1 ml. naphthol AS-TR phosphate (10 mg./ml. of 
N,N dimethylformamide) 
20.0 mg. Fast blue BB salt 
9.0 ml. pH 9.2, 0.1 M Tris buffer {Tris(hydroxy-
methyl) aminomethane) solution adjusted to 
desired pH with HC1. 
1.0 ml. 0.05 M MgClg 
Esterase 
A variety of substituted naphthol AS derivatives were 
tried as substrates, along with a variety of diazonium salts 
as couplers. The combination that produced the best localiza­
tion, the smallest particle size, best contrast, and was toler­
ant of the acid-fast staining procedure was the use of naph­
thol AS acetate (2-hydroxy-5-naphthoic acid aniline acetate) 
as substrate and Fast blue BB salt as coupler. 
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Incubating solution 
5.0 ml. pH 7.0, 0.1 M phosphate 
5,0 ml, water 
0.1 ml. naphthol AS acetate (l.Oyô in acetone) 
10.0 mg. Fast blue BB salt 
Dehydrogenases 
Among the tetrazolium salts available for dehydrogenase 
histochemistry. Nltro-BT ( 3. '-di-jD-nitro-phenyl-5,5'diphenyl-
3,3 ' - ( 3,3 '-dimethoxy-4,4'-biphenylene) ditetrazolium chloride) 
is the most easily reduced and has a high substantivity for 
protein. Its formazan is intensely blue, does not form crys­
tals, and is not soluble in the organic solvents used for the 
acid-fast stain and permanent mounting medium. 
Incubating solutions 
Succinate dehydrogenase 
10.0 ml. 0.1 M sodium succinate in 0,1 M, pH 7,6 
phosphate buffer containing 7.5% polyvinyl­
pyrrolidone (PVP) 
10.0 ml. Nitro-BT (1 mg./ml.) containing 7.5% PT7P 
Glucose-6-phosphate dehydrogenase 
10.0 ml. 0.4 M glucose-6-phosphate in 0.05 M, pH 7.6 
Tris buffer 
10.0 ml. 0.04 M MAD? in 0.05 M pH 6.8 Tris buffer 
20.0 ml. Nitro-BT (0.5 mg./ml.), 0.02 11 NaN3, 0.01 M 
MgClg, 0.001 I/I NaF in 0.05 LI, pE 7.5 Tris 
buffer containing 15% PVP 
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NADP-dependent isocitrate dehydrogenase 
10.0 ml. 0.4 M DL-isocitrate in 0.05 M, pH 7.0 Tris 
"buffer containing 11.0% PVP 
10.0 ml. 0.04 M ÏÎADP in 0.05 M pH G.8 Tria buffer 
10.0 ml, Nitro-BT (0.5 mg./ml,), 0,02 MM in 0.05 
M, pH 7.2 Tris buffer containing 11.0% PVP 
These solutions were stored at -50°C and mixed just be­
fore use. 
General staining procedures The frozen sections were 
taken up on clean glass slides at room temperature and air-
dried 5 minutes. Those for the demonstration of alkaline 
phosphatase and non-specific esterase were fixed 15 minutes, 
and those for acid phosphatase 18 hours, in cold (4°C), 
neutral, calcium formol. After fixation, the sections were 
washed in 4 changes of distilled water, drained, and covered 
with the incubating solution at room temperature. The sec­
tions to be used for the demonstration of dehydrogenases were 
incubated at 37°C without fixation, but were post-fixed in 
formol-saline containing 7.5 per cent PVP for one hour. 
After the sections were stained to demonstrate the en­
zymes, and were fixed, they were washed in 3 changes of water, 
stained one hour in carbol fuchsin, destained 6 minutes in 2 
changes of acid alcohol, washed in 2 changes of water, coun­
ter stained with hematoxylin, and again washed in 2 changes of 
water. The sections stained to demonstrate esterase were 
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mounted in glycerogel and those to demonstrate phosphatases 
and dehydrogenases were dehydrated in graded alcohols, cleared 
in xylene, and mounted in Permount. 
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RESULTS 
During the first few weeks after inoculation, the orally 
inoculated lambs appeared to be normal, but the intratracheal-
ly and. intravenously inoculated lambs exhibited an elevated 
body temperature, some diarrhea, dyspnea, and coughing. Eight 
months after oral inoculation, lambs 172 and 174 were emaci­
ated and scouring, and were killed at this time, and lamb 151 
was losing weight. At 14 months, lamb 151 was no longer able 
to rise, had diarrhea, and was emaciated. It weighed 48 
pounds, whereas the weights of the remaining female, intra-
urauheally inoculated lambs which were recovering, were 114 
and 118 pounds. Lamb 151 was necropsied at this time, but 
will nevertheless be considered along with the 16-month-post-
inoculation group. Lamb 156 was emaciated at 16 months, but 
did not have diarrhea. 
Cultivation 
The results of cultural studies are given in Tables 1, 2, 
and 3. 
Oral inoculation 
M. paratuberculosis was cultured from all areas of the 
intestinal tract in the lamb killed 4 days after oral inocu­
lation. Since no effort was made to remove the intestinal 
contents before preparation of the specimens for inoculation, 
these isolations mostly represented the progress of the 
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Table 1. Cultural results following oral inoculation 
Time post-inoculation Days Months 1 4 8 16 1 2 4 8 16 
Imiuu uvimu c i. 157 175 14o 173 152 153 154 155 147 150 149 171 172 174 146 151 15b 176 
Lymphatic system 
Abomasal node 2a 0 0 - 4 0 0 0 0 1 0 0 0 0 0 0 3 0 
Bronchial node 0 0 0 0 1 0 0 0 2 0 0 0 0 0 0 0 0 0 
Cecal node - - - 0 0 0 4 1 4 4 0 4 0 0 0 0 0 0 
Hepatic node - 1 0 0 0 0 1 0 1 0 3 0 0 0 0 0 0 0 
Iliac node 0 - 0 - - 0 0 0 0 - - 0 0 0 0 0 0 0 
Inguinal node - 0 0 0 0 0 - - 0 0 0 0 0 0 0 0 0 0 
Mediastinal node 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Mesenteric node 0 2 0 - 1 1 4 3 4 4 4 2 0 2 0 0 3 2 
Parotid node 0 0 0 0 Û ji 0 0 0 0 0 V 0 0 0 0 0 
Popliteal node 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 
Prefemoral node - 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Brescapular node 4 1 2 - 0 0 0 0 - - 0 0 1 0 0 0 0 0 
Retropharyngeal node 1 0 0 1 0 0 0 1 1 0 0 1 0 0 0 0 0 0 
Ruminai node 1 0 - 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 
Spleen 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Submaxillary node - 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Tonsil 0 0 1 0 0 0 0 0 2 - 0 0 0 0 0 0 0 0 
Digestive system 
Cecum 3 2 0 0 1 0 4 2 1 1 3 1 2 0 0 0 0 0 
Colon (spiral) 2 4 0 1 0 0 3 1 1 0 4 0 0 0 0 4 0 0 
Colon (terminal) 0 2 0 0 0 1 3 1 1 0 3 0 0 0 0 4 0 0 
SUâucftUùl <* i 2 0 0 0 4 3 1 1 2 Û 0 0 0 0 0 0 
Ileocecal valve 2 2 1 4 3 2 1 4 3 4 3 4 4 4 0 4 0 3 
Ileum 1 2 0 2 3 2 4 4 4 4 4 4 4 4 0 4 0 3 
Jejunum - 2 2 2 2 3 4 4 4 4 4 4 4 1 0 3 3 2 
Liver 2 1 0 0 0 0 0 1 0 1 0 0 1 0 0 0 3 0 
Pylorus - 2 — - 0 1 2 1 0 0 1 0 0 0 0 0 1 0 
Rectum 2 4 0 0 0 0 3 0 0 0 0 0 0 2 0 1 1 0 
Respiratory system 
(Lobes of lung) 
Left apical 2 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Left cardiac 2 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Left diaphragmatic 1 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Right apical - 2 3 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 
Right cardiac - 2 3 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
Right diaphragmatic 2 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Right intermediate 2 1 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Urogenital system 
Kidney - 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
aThese symbols used in Tables 1, 2, and 3: - = No results, 0 = Negative culture, 1 = Up to 
one colony per tube, 2 = 2 to 5 colonies per tube, 3 = 6 to 20 colonies per tube, and 4 = More 
than 20 colonies per tube. 
49 
Table 2= Cultural results following intratracheal inoculation 
Time post«inoculation 
Days Months 
1 4 8 16 1 2 4 8 16 
Lamb number 139 169 135 142 136 143 145 165 134 r 137 141 144 164 170 138 140 161 165 
LyuipUaiilc system 
Abomasal node - 1 2 0 0 0 - 1 1 0 2 0 0 0 0 0 0 0 
Bronchial node 2 4 4 û i 2 Z 4 3 1 2 0 0 0 0 0 0 1 
Cecal node - - - 0 1 0 0 1 3 3 0 0 0 0 0 0 0 2 
Hepatic node - 1 2 1 0 0 0 0 2 0 0 0 0 0 0 0 0 0 
Iliac node 2 0 0 2 0 0 0 0 0 4 1 0 0 0 0 0 0 0 
Inguinal node 0 1 - 1 - 2 0 1 1 0 0 0 0 0 0 0 0 2 
Mediastinal node 2 - 4 1 4 3 1 2 2 2 0 0 1 0 0 0 0 0 
Mesenteric node 2 1 1 2 1 1 1 2 - 4 3 0 1 1 0 0 0 0 
Parotid node 2 0 0 0 1 1 0 0 i 0 0 0 5 0 0 A 4. 0 0 
Popliteal node 1 - 0 0 0 0 0 0 0 0 1 0 0 0 3 0 0 1 
Prefemoral node 0 - 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 
Prescapular node - - 3 4 1 2 2 0 0 1 1 0 0 0 3 3 0 1 
Retropharyngeal node - 1 2 0 0 0 0 1 1 1 2 0 0 0 0 3 0 1 
Ruminai node 4 2 0 0 2 0 4 0 4 3 3 0 0 0 0 0 0 0 
Spleen 1 2 3 3 2 2 2 1 - - - 0 1 0 0 0 0 0 
Submaxillary node - 2 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 
Tonsil 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 3 0 0 
Digestive system 
Cecum - 2 2 0 1 2 0 0 0 1 1 0 0 0 3 0 0 3 
Colon (spiral) - - 3 0 2 0 1 2 0 2 0 0 0 0 3 0 0 0 
Colon (terminal) - 0 1 0 1 1 0 1 1 1 0 0 0 0 0 0 0 0 
Duodenum r, 0 1 0 1 0 0 0 1 1 0 0 0 0 0 0 0 3 
Ileocecal valve - 2 0 1 0 0 1 4 3 3 3 2 0 0 0 3 0 0 
Ileum - 0 2 0 1 0 0 4 4 4 2 1 0 0 2 3 0 3 
Jejunum - - 2 1 2 2 0 2 4 4 0 2 0 3 0 0 0 0 
Liver 2 2 2 0 1 1 1 1 1 1 0 0 0 0 3 3 0 0 
Pylorus 1 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Rectum - 2 1 0 1 0 0 1 0 1 0 0 0 0 0 2 0 3 
Respiratory system 
(Lobes of lung) 
Left apical 3 4 4 2 4 2 2 4 4 2 2 0 0 0 0 0 0 0 
Left cardiac 4 4 4 2 4 2 4 4 4 1 0 0 1 0 2 0 0 0 
Left diaphragmatic - 4 4 3 4 2 0 3 3 1 0 0 0 0 0 0 0 0 
Right apical - 3 2 3 1 0 3 0 0 3 1 0 0 1 0 0 0 0 
Right cardiac - 1 2 2 1 2 1 1 1 1 0 0 0 0 0 2 0 0 
Right diaphragmatic - 3 1 3 2 2 1 0 0 1 0 0 0 0 0 0 0 0 
Right intermediate - 3 2 2 0 0 3 2 0 1 1 0 1 0 3 0 0 0 
Urogenital system 
Kidney 
- - 2 0 0 1 0 0 0 0 0 0 0 0 0 0 0 3 
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Table 3. Cultural results following intravenous inoculation 
Time post-inoculation Days Months 1 4 8 16 1 2 4 8 26 
T r^iiwVi o v» 
*JVU-U V UU^ UUVA 167 1Û9 151 loô J.U6 i n n  ltJC JLOO J.OO 1ÔÔ 
Lymphatic system 
Abomasal node - 2 0 0 0 1 4 0 0 
Bronchial node z 1 3 1 4 4 4 0 1 
Cecal node 0 2 1 2 3 4 4 0 3 
Hepatic node 0 1 0 3 - 1 4 0 0 
Iliac node — 2 1 0 2 0 4 0 0 
Inguinal node - — 0 0 0 2 4 0 0 
Mediastinal node 3 2 4 1 3 3 4 0 2 
Mesenteric node - 3 2 1 4 4 4 0 0 
Parotid node 3 0 0 2 ]_ 2 0 r\ 
Popliteal node - — 0 Ô 4 1 6 0 0 
Prefemoral node 1 Û 0 0 2 1 i 0 0 
Prescapular node - 3 4 4 0 — 3 0 0 
Retropharyngeal node - 2 2 1 4 — 4 0 3 
Ruminai node 4 2 0 2 4 4 3 0 0 
Spleen 4 4 3 4 3 — 4 0 2 
Submaxillary node - 2 0 0 1 0 4 0 2 
Tonsil 0 0 0 1 3 0 4 0 0 
Digestive system 
Cecum - 3 — 1 4 4 4 0 0 
Colon (spiral) - 3 0 1 4 4 4 4 2 
Colon (terminal) - 2 0 1 4 3 4 0 0 
Duodenum — 0 0 1 4 1 2 u 0 
Ileocecal valve - 2 0 1 4 4 4 4 0 
Ileum — — 0 2 4 4 4 3 2 
Jejunum - 2 0 2 4 4 4 3 0 
Liver - 3 3 4 4 3 1 0 0 
Pylorus - 2 0 0 2 2 2 0 1 
Rectum — — 0 1 3 0 3 0 0 
Respiratory system 
(Lobes of lung) 
Left apical 0 2 3 4 0 3 2 0 0 
Left cardiac — 3 4 4 4 2 3 0 0 
Left diaphragmatic — 4 3 4 3 3 2 0 0 
Right apical 4 4 4 4 4 3 2 0 0 
Right cardiac — 3 2 4 4 1 3 0 0 
Right diaphragmatic 4 4 4 4 _ 2 1 0 0 
Right intermediate 4 4 2 1 4 3 2 0 0 
Urogenital system 
Kidney 
- 1 1 2 3 0 1 0 0 
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organisms down the intestinal tract. They were easily dem­
onstrated in the lumen of the gut in sections prepared for 
histochemical studies. Acid-fast organisms could no longer be 
seen in the lumen of the gut. in the animais killed 8 and lb 
days after inoculation. 
Some M. paratuberculosis organisms were isolated from the 
lungs of the orally inoculated lambs killed at one, 4, and 8 
days post-inoculation. These cells could have found their way 
into the lungs, either by the inhalation of some of the milk 
suspension of inoculum, or by eructation followed by inhala­
tion. In either case, these organisms were distributed evenly 
in small numbers in all lobes of the lungs of lambs killed one 
and 4 days after oral inoculation. Beyond the eighth day, 
M. paratuberculosis was found only twice in the lungs of oral­
ly inoculated lambs, 
Cultures obtained from the intestines of lambs killed one 
month or more after inoculation are presumed to represent or­
ganisms present in the tissues rather than in the lumen of the 
gut. Microscopic examination revealed infected macrophages in 
the lamina propria of the intestines at 16 days post-inocula­
tion, and at this time no acid-fast organisms were observed in 
the ingesta. 
Infection was lightest in the pylorus; it increased 
through the duodenum and jejunum, and reached its maximum in 
the ileum. There were slightly fewer organisms in the ileo­
cecal valve. The concentration decreased through the cecum, 
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spiral colon and terminal colon, with, very few found in the 
rectum. The heaviest infection following oral inoculation was 
found in lamb 149, which was killed 4 months after inocula­
tion. 
The liver was lightly infected in 4 of the 12 lambs exam­
ined one month or more after inoculation, but no cultures were 
obtained from the spleen or kidney of these animals. The 
principal lymph nodes infected were those draining the intes­
tinal tract. The tonsil apparently did not serve as a portal 
of entry in sheep„ as has been indicated in the case of 
cattle. 
Intratracheal inoculation 
The numbers of M. paratuberculosis cultured from the 
lungs of intratracheally inoculated lambs decreased steadily 
during the first 2 months after inoculation. At 4, 8. and 16 
months only a few viable organisms were present. 
Although all animals were held upright during inoculation, 
many more organisms lodged in the left lobe of the lungs than 
in the right lobe in most of the lambs. 
Microscopic examination of the intestines indicated that 
these lambs had coughed up and swallowed moderately large 
numbers of organisms during the first few days after inocula­
tion. X. paratuberculosis were recovered from the intestines 
of this group throughout the experiment. Peak numbers of 
55 
organisms were recovered from the intestines of this group at 
one to 4 months after inoculation. 
Lymph nodes draining the lungs and intestinal tract were 
most heavily infected, out all lymph nodes examined were in­
fected at one time or another, and the spleen was regularly 
infected through the first month. 
Livers were infected lightly in 11 of these 18 lambs, and 
cultures were obtained from kidneys of 5 lambs. 
Intravenous inoculation 
The intestines of intravenously inoculated lambs were 
heavily infected at one through 8 months after inoculation, 
but only lightly at 16 months. Their livers contained high 
numbers of organisms during the first 2 months, but were neg­
ative by culture at 8 and 16 months. 
Although M. paratuberculosis cells were thoroughly dis­
tributed throughout the vascular system following intravenous 
inoculation, the largest number of organisms were trapped in 
the lungs. The numbers of organisms recovered from the lungs 
remained high through the first month, but decreased slightly 
at 2 and 4 months after inoculation. ITo organisms were re­
covered from the lungs of lambs in this group killed 8 and 16 
months after inoculation. 
Although all lymph nodes examined were invaded, those 
that drained the lungs and intestinal tract yielded the larg­
est numbers of colonies. Lymph nodes of the lamb killed 4 
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months after inoculation were most heavily infected, but those 
of the lamb killed at 8 months were entirely negative, and 
only a few were infected in the lamb killed 16 months after 
inocula "Ci on. 
Spleens were heavily infected through the first 4 months, 
and kidneys were lightly infected during the seme period. 
Allergy and Serology 
Results of intradermic tests in these lambs and serolog­
ical tests of their sera are given in Tables 4, 5, and 6. All 
intradermic and serological results for those lejnbs killed 
through one month after inoculation were negative, and are not 
included in the tables. 
Intradermic tests 
Six weeks after oral inoculation of M. paratuberculosis, 
4 of the remaining 8 lambs reacted to intradermic paratubercu-
lin, and 2 weeks later, the other 4 reacted. The lambs re­
acted to the paratuberculin only intermittently and infre­
quently. 
Intradermic paratuberculin elicited reactions in 6 of the 
remaining 10 intratracheally inoculated lambs one month post-
inoculation. Lambs in this group reacted somewhat intermit­
tently, but reactions were far more frequent and intense than 
those elicited in the orally inoculated group. 
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i-c ti G 1 u H G I c H G I C H G I G H G I C H G 
0b0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 û û 0 0 û û Û 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
1 0 0 0 2 0 1 1 0 0 0 0 2 0 0 0 
2 0 1 1 1 0 1 0 1 0 0 0 
3 0 2 2 0 0 2 0 0 0 0 0 
2 0 0 0 0 0 2 3 0 0 2 0 0 0 0 0 
0 0 0 0 3 0 3 3 1 0 2 1 2 0 0 0 
0 0 2 0 1 2 3 3 0 0 2 2 0 0 0 0 
0 2 2 3 0 0 1 0 
2 2 3 0 2 0 
0 3 2 5 0 0 2 1 
3 2 6 0 2 1 
2 0 0 0 1 
2 1 6 0 2 1 
1 0 0 6 1 0 2 1 
0 1 6 0 2 2 
aThese symbols used in Tables 4, 5, and 6: I = Intradermal test; C = 
agglutination test; G = Gel-diffusion precipitin test. 
^These symbols used in Tables 4, 5, and 6: Blank = No results; 0 = N 
the intradermal test represent increases in skin thickness of 3, 6, 9, etc 
1, 2, 3, and 4 in the complement-fixation and hemagglutination tests repre 
1:32, and 1:64. The gel-diffusion tests are recorded as values assigned t 
îoculation 
nb number 
174 146 151 156 176 
G I C H G I C H G I c H G I c H G I G H G 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 Û 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 2 0 0 0 3 0 0 0 0 0 0 0 3 0 0 0 
0 2 0 0 0 1 0 0 0 2 0 0 1 3 0 0 0 0 0 0 0 
0 1 0 0 0 1 0 1 0 1 0 0 2 1 0 0 2 2 0 1 0 
0 0 0 0 0 0 0 2 1 0 0 0 2 0 0 0 3 2 0 1 0 
0 0 0 0 0 1 0 2 1 0 0 0 2 0 0 0 3 0 0 1 0 
1 2 0 0 0 0 0 ? 1 0 0 0 3 0 0 0 3 0 Q 1 0 
2 0 0 0 0 0 0 2 1 0 0 0 3 0 0 1 0 
3 0 0 1 0 0 0 2 1 0 0 0 3 0 0 0 3 0 0 3 0 
3 0 2 0 0 2 1 0 0 3 0 0 3 0 3 0 
5 0 0 2 1 0 0 2 2 0 0 1 3 0 0 1 3 0 0 3 2 
6 0 2 1 0 2 2 0 1 3 0 1 3 0 3 2 
0 0 0 1 0 0 2 2 0 0 1 3 0 0 1 3 0 0 3 2 
6 0 2 1 0 2 2 0 1 3 0 1 3 0 3 2 
6 1 0 2 1 0 0 2 2 0 0 1 3 0 0 1 3 0 0 3 2 
6 0 2 2 0 2 2 0 1 3 0 1 3 0 3 2 
0 0 2 1 0 0 1 3 0 0 1 3 2 0 3 1 
0 2 1 0 1 3 0 1 1 0 3 1 
0 0 2 1 0 0 1 3 0 0 0 1 3 0 4 1 
0 2 1 0 0 "> J  0 0 1 0 3 1 
0 0 2 1 0 0 0 3 0 0 0 1 0 0 3 1 
0 2 1 0 0 3 0 0 1 0 3 1 
0 0 0 1 0 2 0 3 0 0 0 1 0 0 3 1 
0 0 1 2 0 4 0 0 1 0 4 1 
0 0 0 1 0 2 1 4 0 0 0 1 0 0 3 1 
0 0 1 2 1 4 0 0 1 0 4 1 
0 0 0 1 0 0 1 4 0 0 0 1 0 0 4 1 
0 0 1 0 1 4 0 0 1 0 3 1 
0 0 0 0 0 1 0 3 1 
0 0 0 0 0 1 0 4 1 
0 0 0 0 0 1 0 4 1 
0 0 0 0 3 1 
rtnal test; C = Complement-fixation test; H = Hem-
results ; 0 = Negative; Values of 1, 2, 3, etc. in 
: 3, 6, 9, etc. millimeters respectively. Values of 
>n tests represent serum dilutions of 1:8, 1:16, 
les assigned to the precipitin lines. 
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Table 5 ,  Serological and allergic results following intratracheal 1% 
Weeks Lamb number 
post- 134 137 141 144 164 170 
inoculation I G H G I G H G I C H G 1 C H G I C H G I C H 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
4 4 0 0 1 0 0 0 0 2 0 0 0 4 0 0 3 0 0 0 0 0 0 0 
6 2 0 4 1 2 0 0 0 1 0 0 2 1 0 0 3 0 0 0 0 1 0 2 
8 4 0 0 2 3 1 3 3 0 0 0 2 2 4 3 
10 2 0 0 3 1 3 3 3 1 0 1 2 4 4 3 
12 2 1 1 3 5 4 3 3 0 2 1 3 0 4 3 
14 0 2 2 2 1 4 4 3 1 4 2 4 0 4 3 
16 2 3 4 2 3 4 4 3 0 4 2 5 1 4 4 
lo 1 3 4 2 u 4 4 3 0 4 2 5 0 4 3 
20 0 4 2 6 0 2 3 
22 4 2 6 4 3 
24 0 4 2 5 3 4 3 
26 4 2 5 4 3 
28 1 3 2 5 3 4 3 
30 3 2 5 4 3 
32 0 2 3 5 4 4 3 



















164 170 138 140 161 168 
I C H G I C H G T C H G T C H G T C H G T G H G 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
D 0 0 0 0 0 0 1 1 0 0 1 2 0 0 0 1 0 0 1 0 0 0 0 
3 0 0 0 1 0 2 2 3 0 0 1 3 0 0 0 2 0 0 3 0 0 0 2 
D 0 0 2 2 4 3 3 5 3 1 2 5 0 1 2 2 0 0 3 2 0 3 3 
L 0 1 2 4 4 3 3 2 0 2 2 2 0 0 2 2 0 1 3 1 0 3 3 
) 2 1 3 0 4 3 4 2 2 2 2 0 0 0 2 3 2 1 2 0 1 3 3 
L 4 2 4 0 4 3 4 2 3 2 2 0 1 0 2 4 2 1 2 0 2 3 3 
) 4 2 5 1 4 4 4 3 3 2 2 0 2 0 2 3 4 1 2 1 3 3 3 
) 4 2 5 U 4 3 4 0 3 2 2 0 2 1 2 0 2 1 3 0 3 3 3 
) 4 2 6 0 2 3 4 0 3 2 2 0 2 1 2 1 2 1 3 0 3 3 3 
4 2 6 4 3 4 3 2 2 2 1 2 3 1 4 4 3 3 
) 4 2 5 3 4 3 4 5 3 2 2 2 2 1 2 4 3 1 4 2 4 2 3 
4 2 5 4 3 4 3 2 2 1 1 2 3 0 4 4 3 3 
L 3 2 5 3 4 3 3 3 û û 1 2 2 4 0 4 2 4 3 3 
3 2 5 4 3 3 3 2 3 0 1 2 4 0 4 4 3 3 
) 2 3 5 4 4 3 3 1 4 2 3 0 0 2 2 4 3 4 3 3 
2 3 5 4 3 3 4 2 3 2 3 2 4 3 3 
2 4 2 3 0 1 2 2 2 4 0 4 1 4 3 3 
4 2 2 1 2 2 4 0 5 4 3 3 
0 4 2 2 0 0 1 2 2 4 0 5 2 4 3 3 
4 2 2 0 1 1 4 1 5 4 3 3 
2 4 2 2 0 0 1 1 3 4 1 5 0 4 2 3 
4 2 2 0 1 1 4 1 5 4 2 3 
1 4 2 2 0 0 1 1 3 4 0 5 3 3 2 3 
3 2 2 0 1 1 3 2 3 
0 3 2 2 3 0 2 1 2 4 0 5 0 3 2 3 
3 2 2 0 1 1 4 0 5 3 2 3 
1 3 2 2 0 0 2 1 3 4 1 5 0 3 2 3 
3 2 2 0 2 1 4 0 5 3 2 3 
2 0 2 0 2 0 3 2 5 2 3 3 
2 2 2 0 0 0 3 3 5 2 3 3 
2 3 2 0 2 0 3 3 5 2 2 3 
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Table 6. Serological and allergic results following 
intravenous inoculation 
Weeks Lamb number 
pûtiL- 332 163 133 l6o 
inoculation I C H G I C H G I G H G- I G H G 
0 0 0 0 0 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
4  0  0  0  0  0  0  0  0  0 0 0 1  0  0  0  0  
ô  0  0  0  2  0 0 0 1  0  0  0  1  0  0  0  2  
8 0 0 0 2 0 0 2 1 0 0 0 3 0 0 4 3 
1 0  0 0 1 1  0 0 0 3  0 0 4 5  
1 8  0 0 1 1  0 0 1 5  1 2  4  3  
1 4  0 0 1 1  0 2 2 5  0 4 4 3  
1 5  0 0 1 2 0 5 2 3 0 4 4 3  
1 8  0 0 1 2 0 4 2 3 0 4 4 5  
20 0 4 2 4 0 4 4 3 
22 3 2 4 4 4 3 
2 4  0 3 2 4 0 4 4 3  
26 3 2 4 4 4 5 
2 8  0 2 2 4  0 4 3 3  
30 2 1 5 4 5 5 
5 2  0 1 1  5  0 4 3 5  
34 0 1 5 4 5 5 
56 0 4 3 3 
58 4 5 5 
40 5 4 3 5 
42 
44 0 4 5 3 
46 
48 0 4 5 5 
50 4 3 3 
52 0 4 3 2 
54 4 3 2 
56 0 4 5 2 
58 4 3 2 
60 5 0 2 
62 5 0 2 
64 2 0 2 
66 2 0 2 
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Only one intravenously inoculated lamb reacted, to the 
intradermic test, and this lamb reacted to only 2 of 19 tests 
administered. 
Gomp1ernent-fixation tests 
Only 3 of 8 lambs remaining in the orally inoculated 
group more than 2 months developed detectable complement-
firing antibodies. The earliest reaction was in a serum 
sample obtained. 18 weeks after inoculation. Complement-fixing 
antibodies were detected in the serum samples obtained from 
lamb 172 during the period from 20 to 30 weeks after inocula­
tion, and in those from lamb 151 during the period from 48 to 
54 weeks after inoculation. The sera from both of these lambs 
became negative during the month before they were killed. Two 
of the samples from lamb 172 had titers of 1:32 which would 
have been considered positive diagnostic reactions. 
Complement-fixing antibodies began appearing in the sera 
obtained 8 weeks after inoculation in the intratracheal group, 
and by 14 weeks the sera of all 8 remaining lambs were pos­
itive. Serum samples became negative in only one of these 
lambs before necropsy, but in nost cases, titers had begun to 
decrease.. 
Titers of the sera, from 2 of 3 intravenously inoculated 
lambs kept more than 2 months, approximately paralleled those 
from the intratracheally inoculated group. However, serum 
samples from lamb 163 never contained complement-fixing 
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antibodies, although this was the most heavily infected lamb 
in the entire experiment e 
Ilemagglu t inat 1 on teats 
Sera of all lambs remaining in the experiment mora than 
2 months eventually developed hemagglutination titers. In the 
orally inoculated group, the earliest reacting serum was ob­
tained 8 weeks after inoculation, By 84 weeks, all sera con­
tained heinaggliitinatins antibodies. 
Hemagglutinins began appearing in sera from the intra-
tracheally inoculated lambs 6 weeks after inoculation, and by 
18 weeks the sera of all remaining lambs were reactive. Sera 
of all lambs remaining in the experiment more than 2 months 
were reactive at the time of necropsy, but in some they were 
of variable titer, and in samples from lamb 161 they frequent­
ly were negative, 
Serum samples from lambs inoculated intravenously began 
to be positive 8 weeks after inoculation. After 28 weeks the 
titers began to decrease, and at 60 weeks hemagglutinating 
antibodies could no longer be detected in the one remaining 
lamb. 
Gel-diffusion tests 
Precipitins detectable by the gel-diffusion test were 
present in sera of 2 orally inoculated lambs 8 weeks after 
inoculation. By 24 weeks post-inoculation, all sera from this 
group of lambs contained precipitins. In the most heavily 
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infected lambs the amount of precipitins was still increasing 
at necropsy, while in those with few or no viable organisms, 
precipitin titers had decreased or disappeared. The develop­
ing bands of precipitation in the serum samples from one lamb 
of this group are illustrated (Figs. 1, 2). 
Precipitins began to be present in the serum samples from 
intratracheally inoculated lambs 4 weeks after inoculation. 
By 8 weeks post-inoculation, sera of all remaining lambs in 
this group contained precipitins. In general, sera from this 
group contained slightly larger amounts of precipitins than 
did those from the orally inoculated group. 
The serum samples from the 4 intravenously inoculated 
lambs that remained alive 2 months or longer all contained 
precipitins within 6 weeks after inoculation. Their intensity 
paralleled those from the intratracheally inoculated group. 
Histochemistry 
The inflammatory reaction in all 3 groups in this experi­
ment was granulomatous. Initially there was an infiltration 
of neutrophils, shortly thereafter, macrophages and lympho­
cytes infiltrated the area. Still later, focal granulomas 
formed which became necrotic, contained neutrophils, and 
eventually became mineralized. 
Lesions varied from a focal to a diffuse type of reac­
tion. The major cell types observed in the lamina propria of 
the intestines were macrophages, lymphocytes, plasma cells, 
Gel-<Ufxusion tests of serum samples obtained 
from lamb 172 at 12 to 22 weeks after oral 
inoculation. 
Gel-diffusion tests of serum samples obtained 




and neutrophils. Neutrophils usually appeared early and again 
later in areas of necrosis. The macrophage was the second 
cell type to appear and was the predominant cell type from 
then on. 
Lambs of the orally inoculated group had a few acid-fast 
organisms in scattered macrophages in submucosal lymphoid 
nodules 16 days after inoculation. By one month post-inocu­
lation, the lamina propria of the intestine contained many 
macrophages and lymphocytes. A few macrophages in this zone 
contained acid-fast bacilli as did a few macrophages in the 
submucosa. At 2 months the tips of the intestinal villi were 
filled with macrophages containing many M. paratuberculosis 
organisms. The intestines of lambs necropsied 4 months after 
inoculation contained even more heavily infected macrophages. 
Smaller numbers of infected macrophages were found in i, para-
tuberculous lambs killed at 16 months, and necrotic granu­
lomas with mineralized centers were present in the mucosa and 
submucosa, especially in the ileum. 
One day after intratracheal inoculation, a few acid-fast 
bacilli were present in the lumen of the intestines. Two 
months after intratracheal inoculation lesions of paratuber­
culosis were present in the intestines. Acid-fast organisms 
appeared first in the submucosal lymphoid nodules. By 8 
months post-inoculâtion necrotic granulomas with partially 
mineralized centers were present in the mucosa and submucosa 
of the ileum. Clusters of giant cells were found in the 
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submucosa at 16 months pus L-inoculation, but no acid-fast 
bacilli were found microscopically although they were demon­
strated culturally, 
The intravenously inoculated lamb killed 4 days after in­
oculation, had a few acid-rast organisms in the lamina propria 
of the duodenum and ileocecal valve, Typical intestinal le­
sions of paratuberculosis were present in intravenously inoc­
ulated lambs killed one, 2, and 4 months post-inoculation. 
Acid-fast bacilli were present in submucosal lymphoid nodules, 
as well as the lamina propria and the submucosa of the lamb 
killed 4 months post-inoculation. The intravenously inocu= 
lated lamb killed 16 months after inoculation had no para-
tuberculous lesions and no acid-fast organisms were found 
microscopically, although a few were demonstrated culturally. 
Early lesions in lymph nodes consisted of aggregations of 
macrophages in the sinusoids, superimposed by a suppurative 
lymphadenitis. The normal parenchyma of the lymph nodes was 
replaced by the macrophages. Later, some of the lesions be­
came necrotic, mineralized, and contained giant cells. 
Lambs from the orally inoculated group, that were exam­
ined one and 4 days after inoculation, had a few acid-fast 
organisms present in macrophages in the bronchial exudate and 
in the walls of the alveoli; and a slight suppurative pneu­
monia was observed in one lamb examined 8 days after inocula­
tion. A granulomatous pneumonia and a few acid-fast organisms 
were found in the lungs of one lamb examined 4 months after 
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inoculation, and a few giant cells were found in the lungs of 
one killed at 16 months. 
Intratracheally inoculated lambs had a pneumonia that 
varied from suppurative to granulomatous in nature. By 4 
months after inoculation, necrotic mineralized granulomas 
which resembled tubercles were present, In lambs killed at 8 
months healing was occurring. 
Many intravenously inoculated organisms were filtered 
from the circulation in the lungs and were found as numerous 
emboli in the alveolar capillaries. Neutrophils were the 
first cells to participate in the Inflammation in the lungs, 
and later were replaced by macrophages. A pneumonia started 
in the alveolar walls and was evidenced by interstitial col­
lections of macrophages and lymphocytes. It progressed to 
a granulomatous pneumonia. These lesions were healed in the 
lamb examined 16 months after inoculation. 
In most lambs examined 16 months after inoculation, le­
sions appeared to be healing and regressing, and only a few 
M. paratuberculosis were found either microscopically or 
culturally. 
Acid phosphatase 
Acid phosphatase activity was low in the pylorus, but 
reached its maximum in the duodenum (Fig, 3). The amount of 
stain deposited in intestinal epithelium decreased gradually 
through the jejunum, ileum (Fig. 4), and ileocecal valve. 
Fig. 3. Lamb 149 - Oral, 4 months - Duodenum - Stained to 
demonstrate acid phosphatase. 500X. 
Fig. 4. Lamb 163 - Intravenous, 4 months - Ileum - Stained 
to demonstrate acid phosphatase. Several cells 
with acid phosphatase granules near center, one 









Staining was barely detectable in the epithelium of the colon 
(Fig. 5) or rectum. Staining due to acid phosphatase activity 
was more intense at the tips of the villi than in the crypts, 
and was almost entirely apical. 
Cells of the normal lamina propria were not stained at 
any level of the intestine. 
The parenchyma of the spleen and lymph nodes normally 
contained an occasional cell with one or several small gran­
ules stained for acid phosphatase. 
The alveolar walls of the lungs were not stained, al­
though the epithelium of the bronchioles was stained moder­
ately. Staining was barely detectable in tubules of the kid­
ney, and occasional granules were stained in the liver. 
The intensity of staining in macrophages was variable. 
The intensity in the most heavily stained macrophages was 
equivalent to that in cells of the duodenal epithelium. Un­
infected cells usually were present that were heavily stained. 
Results of examination of each section were tabulated to 
record the relative number of M. paratuberculosis-infected 
cells, the number of organisms per cell, the number of cells 
with increased enzyme, the relative amount of staining of 
these cells, the ratio of infected cells with increased acid 
phosphatase to those without detectable stain, and the rela­
tive number of cells with increased enzyme that were infected. 
The total increase of acid phosphatase in the mucosa and 
submucosa of the intestines, as demonstrated by the technique 
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employed, paralleled the degree of infection as observed by-
cultural and microscopic examination. In the orally inocu­
lated group, acid phosphatase began to increase in the lamina 
propria, lymph nodules, and connective tissue around the nod­
ules at one to 2 months after inoculation. It remained moder­
ately high and in relation to the number of organisms present 
throughout. Staining in the intestine following intratracheal 
inoculation appeared later than in the orally inoculated 
group, but again was related to the number of organisms pres­
ent. Following intravenous inoculation, the staining was 
equivalent to that in the orally inoculated group. 
By all routes of inoculation, the total increased acid 
phosphatase occurred in the areas of the intestine in the fol­
lowing decreasing order: ileum, ileo-cecal valve, jejunum, 
cecum, duodenum, center colon, terminal colon, rectum, and 
pylorus. 
In the lungs of intravenously and intratracheally inocu­
lated lambs, one day post-inoculation, none of those cells 
that had ingested acid-fast organisms contained acid phospha­
tase, and very few acid-phosphatase containing cells were 
present. At 16 days, approximately 20 per cent of infected 
macrophages also contained acid phosphatase granules, and few 
cells with acid phosphatase were present in the alveoli that 
were uninfected. By 4 months, nearly all macrophages in the 
lungs contained some acid phosphatase. 
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By one month after intratracheal inoculation, several 
granulomas with necrotic centers were surrounded by groups of 
cells intensely stained for acid phosphatase (Fig. 6), and 
intensely stained cells surrounded the fibrous capsules of 
necrotic foci in the lungs of intratracheally inoculated lambs 
from each subsequent necropsy (Figs. 7, 8). 
At 8 and 16 months after inoculation, the only cells re­
maining that contained large amounts of acid phosphatase were 
those surrounding necrotic foci. The lungs of intravenously 
inoculated lambs contained very little acid phosphatase 
(Fig. 9). 
One month after intratracheal inoculation, there were 
small numbers of cells, with moderate staining for acid phos­
phatase, surrounding the multiple focal granulomas of the 
bronchial and mediastinal lymph nodes. At 2 months, many 
intensely stained cells were in zones around the fibrous cap­
sules. Similar reactions were present in these lymph nodes 
from all subsequent necropsies. Such foci were found also in 
the lymph nodes draining the intestine (especially the mes­
enteric and cecal nodes) beginning 4 months after oral inoc­
ulation and 8 months after intratracheal inoculation. 
Necrotic foci, such as those which developed in the lungs 
and associated lymph nodes of intratracheally inoculated lambs 
and in lymph nodules and nodes draining the intestines of 
orally and intratracheally inoculated lambs (Fig. 10), did not 
develop in any intravenously inoculated lambs, even though 
Fig, 5, Lamb 135 - Intratracheal, 8 days - Terminal colon -
Stained to demonstrate acid phosphatase. Epithelium 
slightly stained. 500%. 
Fig. 6. Lamb 145 - Intratracheal, one month - Left apical 
lobe of lung - Stained to demonstrate acid phos­
phatase. Granuloma developing to lower left of 
cells with darkly stained acid phosphatase 
granules. 300%. 
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Fig. 7. Lamb 141 - Intratracheal, 4 months - Left apical 
lobe of lung - Stained to demonstrate acid phos­
phatase. Acid phosphatase in cuff aroi ad granu­
loma at lower left. 300%, 
Fig. 8. Lamb 161 - Intratracheal, 16 months - Left apical 
lobe of lung - Stained to demonstrate acid phos­
phatase. Acid phosphatase in cuff at top around 
necrotic area at bottom. 125%. 
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Fig. 9. Lamb 135 - Intravenous, S months - Left apical 
lobe of lung - Stained to demonstrate acid phos­
phatase. Barely perceptible acid phosphatase. 
50 OX. 
Fig. 10. Lamb 151 - Oral, 16 months - Ileum - Stained to 
demonstrate acid phosphatase. A necrotic area 
in a lymphoid nodule of the submucosa, formed 
by involution of a villus. A scattering of 






large numbers of organisms had been distributed in their 
lungs, lymph nodes, and intestinal lamina propria and submu-
cosa. Instead they contained focal collections of macrophages 
with acid-phospuàuàtié-eonbaining cells interspersed (Fig. 11). 
Although increasing amounts of acid phosphatase in the 
intestine paralleled increasing numbers of organisms, the two 
were not directly associated. In most cases, only a few or 
no acid-fast organisms could be detected in intensely stained 
cells (Fig. 12) and a high proportion of heavily infected 
cells contained little or no detectable acid phosphatase (Fig. 
13). In orally inoculated lambs, most infected macrophages 
were located near the tips of the villi, whereas the largest 
number of intensely stained cells were in lymph nodules and 
at the bases of villi. 
In. intravenously inoculated lambs, most infected macro­
phages were at the bases of the villi and in lymph nodules of 
Peyer's patches (Fig. 14). In some nodules, most cells con­
tained large numbers of M. paratuberculosis organisms and a 
moderate to small amount of acid phosphatase (Fig. 15), while 
other nodules contained many cells with much acid phosphatase 
but few organisms. An inverse relationship existed in which 
macrophages with the largest number of organisms contained the 
least amount of acid phosphatase, and vice versa. 
In the villi most heavily infected, approximately 2 per 
cent of the macrophages contained acid phosphatase granules or 
ïig. 11. Lamb 165 - Intravenous, 4 months - Mediastinal 
lymph node - Stained to demonstrate acid phos­
phatase. Scattered cells with acid phosphatase 
granules. 500X. 
Fig. 12. Lamb 163 - Intravenous, 4 months - Ileum -
Stained to demonstrate acid phosphatase. Macro­
phages with moderately high acid phosphatase 
content which have ingested a few M. paratuber-
culosis organisms. 1875X. 
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Fig. 15. Lamb 165 - Intravenous, 4 months - Ileocecal 
valve - Stained to demonstrate acid phospha­
tase, Macrophages containing many M. para-
tuberculosis organisms, but little acid phos­
phatase! I250Z; 
Fig. 14. Lamb 165 - Intravenous, 4 months - Ileum -
Stained to demonstrate acid phosphatase. This 
field demonstrates increasing acid phosphatase 
from base of villus toward tip, and the distri­
bution of macrophages with varying numbers of 
organisms and acid phosphatase. A few cells 
stained intensely, many stained moderately, and 
most not stained. Mote heavily infiltrated 




"lysosornes", whereas approximately 25 per cent were diffusely 
stained. 
In lymph nodes, lymph tissue of the intestines, and in 
spleens, hemosiderin granules in macrophages frequently were 
associated with moderate to intense staining (Fig. 16), In 
some cases a few acid-fast organisms could be detected within 
a granule that apparently contained hemosiderin and was 
stained for acid phosphatase. 
Alkaline phosphatase 
In the intestinal epithelium of lambs azo dye staining 
due to alkaline phosphatase was moderate in the pylorus, 
reached its maximum intensity in the duodenum (Fig. 17), and 
decreased slightly through the jejunum and ileum (Fig. 18). 
The enzyme was almost entirely apical and increased in in­
tensity from the crypts to the tips of villi. Mo staining due 
to alkaline phosphatase occurred in the epithelium of the re­
mainder of the intestine, or in the cells of the normal lamina 
propria. 
Slight staining occurred in normal lymph nodes, spleen, 
and liver, and was barely detectable in alveoli of the lungs. 
The tubules of the kidney were stained intensely (Fig. 19). 
Macrophages never were stained; however, staining due to 
alkaline phosphatase activity did occur in lymphoid tissues of 
infected lungs and intestines (Fig. 20) and in sinuses of 
lymph nodes draining infected areas such as the lungs and 
Fig. 15. Lamb 163 - Intravenous, 4 months - Ileum -
Stained to demonstrate acid phosphatase, 
Macrophages containing a few M. paratubercu 
losis organisms and a few acid phosphatase 
granules » 1250%, 
Fig. 16. Lamb 174 - Oral, 8 months - Ileum - Stained 
to demonstrate acid phosphatase. Hemosiderin 
granules in macrophages of a lymph nodule in 
the submucosa stained moderately. 3002. 
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Fig. 17. Lamb 175 - Oral, 4 days - Duodenum - Stained 
to demonstrate alkaline phosphatase. 500X. 
Fig. 18. Lamb 163 - Intravenous, 4 months - Ileum -
Stained to demonstrate alkaline phosphatase. 
Heavily stained epithelium of villus at upper 
left, no stain in the infected macrophages at 





Fig, 19. Lamb 163 - Intravenous, 4 months - Kidney -
Stained to demonstrate alkaline phosphatase, 
125%. 
Fig. 20. Lamb 165 - Intravenous, 4 months - Jejunum -
Stained to demonstrate alkaline phosphatase. 
Macrophages at right with many acid-fast 
organisms, but not stained due to alkaline 
phosphatase, whereas the lymphoid tissue at 
left is heavily stained. 1875X. 
88 
K^ 'r«'àr,- :?r•îaMfjgwlvj,ç. ''p.t^ ./^ v^rr-'Vr.rv"":• 
:-.,fl'WW:A1^  
89 
intestines, and in lymph nodes and nodules which were them­
selves infected. Staining due to alkaline phosphatase activ­
ity did not occur in the cortex or germinal centers of nod­
ules. Intense staining occurred in perinodular sinuses of 
abomasal, cecal, mesenteric and ruminai nodes in orally and 
intravenously inoculated lambs. Smaller amounts of stain were 
deposited in these nodes in the intratracheally inoculated 
lambs, in which intense staining of bronchial, mediastinal, 
prescapular, and retropharyngeal nodes occurred. 
Moderate numbers of cells in alveoli of infected lungs 
were stained (Fig. 21). but there were no zones of stained 
cells around foci of caseous necrosis except in the adjacent 
lymphoid tissue (Fig. 22). At 4 months and later, only an 
occasional cell in alveoli was stained. 
Very little staining occurred in uninfected spleens (Fig. 
23), but it was intense in infected spleens (Fig. 24). 
Non-specific esterase 
The entire normal intestinal epithelium contained some 
non-specific esterase. A small amount of staining occurred in 
the epithelium of the pylorus ; it attained its maximum in­
tensity in the duodenum (Fig. 25), then decreased gradually 
through the jejunum, ileum (Fig. 26), ileo-cecal valve, and 
cecum. It was barely detectable in the epithelium of the 
colon and rectum. Staining was detectable in the uninfected 
lamina propria of the small intestine, but not in the cecum, 
Fig. 21. Lamb 163 - Intravenous, 4 months - Left apical 
lobe of lung - Stained to demonstrate alkaline 
phosphatase. Scattered cells in alveolar walls 
are stained, but are not infected. 50OX. 
Fig. 22. Lamb 161 - Intratracheal, 16 months - Left 
apical lobe of lung - Stained to demonstrate 
alkaline phosphatase. Intense staining is 
demonstrated in a lymphoid area adjacent to 




Fig, 23. Lamb 175 - Oral, 4 days - Spleen - Stained to 
demonstrate alkaline phosphatase. Only an 
occasional cell is stained. 5002. 
Fig. 24. Lamb 163 - Intravenous, 4 months - Spleen -
Stained to demonstrate alkaline phosphatase. 
Zones of heavy staining were present through­
out. 500X. 
95 
Fig, 25, Lamb 141 - Intratracheal, 4 months - Duodenum -
Stained to demonstrate esterase. 500%. 
Fig. 26. Lamb 165 - Intravenous, 4 months - Ileum -
Stained to demonstrate esterase. 300X. 
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colon or rectum. Staining increased from the necks of crypts 
to tips of villi and was most intense apically. 
The parenchyma of uninfected lymph nodes, spleens, and 
lungs was not stained. Maximum, staining occurred in livers 
and kidneys. 
The earliest infiltrating macrophages contained a small 
amount of esterase, which increased gradually during the first 
one to 2 months. Mature macrophages (Fig. 27) and giant cells 
(Fig. 28) regularly contained a moderate amount of esterase, 
whether they had or had not ingested M. paratuberculosis. The 
esterase activity was not destroyed when macrophages ingested 
M. paratuberculosis organisms, and there did not appear to be 
any discernable differences in the amount of esterase in 
macrophages and tissues in which they resided due to the route 
of infection* Obviously, the total esterase activity was in­
creased in the infected tissues due to the presence in them of 
macrophages whose esterase content was higher than that of 
normal mesenchymal cells. 
Esterase activity was present in the caseous material of 
necrotic centers and in macrophages and giant cells of the 
cuffs surrounding them. 
Macrophages containing hemosiderin granules contained the 
same amount of esterase as other mature macrophages, and hemo­
siderin granules were not stained for esterase. 
Fig. 27. Lamb 163 - Intravenous 
Stained to demonstrate 
sents the usual amount 
infected macrophages. 
4 months - Ileum -
esterase. This repre-
of stain found in 
1875X. 
Fig. 28. Lamb 161 - Intratracheal, 16 months - Left 
cardiac lobe of lung - Stained to demonstrate 
esterase. A giant cell near the cuff around a 





Deposition of formazan due to succinate dehydrogenase ac­
tivity was demonstrated in all tissues examined, In the epi­
thelium of the intestinal tract, that or the pylorus was 
stained least intensely (Fig, 29). Maximum staining occurred 
in the epithelium of the duodenum, then decreased gradually 
through the jejunum, ileum, ileo-cecal valve, cecum, center 
colon, terminal colon, and rectum. Formazan deposits were 
apical in the small intestine whereas most were in the basal 
portions of the cells in the large intestine epithelium. 
Formazan deposits were barely detectable in the uninfected, 
lamina propria throughout the intestine, and in the parenchyma 
of uninfected lymph nodes and spleens. Normal alveolar walls 
of the lungs contained very small amounts of the formazan. 
Succinate dehydrogenase activity in kidneys and livers 
was approximately equivalent to that in the epithelium of the 
duodenum. 
Formazan in macrophages varied from small amounts to 
staining equivalent to that in duodenal epithelium. The suc­
cinate dehydrogenase activity of cells other than macrophages 
did not appear to be altered due to the infections with M. 
•paratuberculosis. 
In general, alveolar macrophages appeared to contain less 
formazan than did macrophages found in the lymph nodes and 
intestines. 
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In lungs of lambs killed, one, 4, and 8 days after inocu­
lation, infected macrophages contained very little formazan, 
and in infected neutrophils the formazan was barely detectable. 
In lungs of lambs killed at 16 days post-inoculation, the 
number of mitochondria appeared to be increasing in macro­
phages (Fig. 30). By 2 months after inoculation, the staining 
intensity had reached the maximum that alveolar macrophages 
attained, This intensity was maintained at 4 months, but had 
decreased in the major portions of the lungs from those ani­
mals necropsied at 8 and 16 months (Fig. 31). However, those 
macrophages in cuffs surrounding necrotic areas still were 
stained intensely (Fig. 32). 
As was demonstrated both culturally and microscopically, 
a few M. paratuberculosis organisms reached the lungs of 
orally inoculated lambs, and this light infection stimulated a 
small increase both in the number of macrophages and in their 
staining intensity. 
When numbers of organisms found in lungs at each necropsy 
were compared with numbers of macrophages and their succinate 
dehydrogenase activity, it was found that numbers of organisms 
were decreasing during the first 4 months after inoculation, 
while numbers of macrophages and their individual activities 
were increasing. 
Alveolar macrophages and giant cells increased in number 
and staining activity most rapidly in intratracheally inocu­
lated lambs, although by 4 months post-inoculation macrophages 
Fig, 29, Lamb 165 - Intravenous, 4 months - Pylorus -
Stained to demonstrate succinate dehydrogenase. 
125X. 
Fig. SO. Lamh 130 - Intravenous, 16 days - Right cardiac 
lobe of lung. Stained to demonstrate succinate 
dehydrogenase. Alveolar macrophages infected 
with several M. paratuberculosis organisms, 
exhibiting slightly increased succinate dehydro­
genase activity. 1250%. 
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Fig. 31. Lamb 161 - Intratracheal, 16 months - Right 
cardiac lobe of lung - Stained to demonstrate 
succinate dehydrogenase. Alveolar macrophages 
in a healing area distant from any tubercle. 
1250%. 
Fig. 32. Lamb 161 - Intratracheal, 16 months - Left 
cardiac lobe of lung - Stained to demonstrate 
succinate dehydrogenase. Intensely stained 





from intravenously inoculated lambs were eciual in number and 
succinate dehydrogenase activity to those from intratracheally 
inoculated lambs. 
In tne intestines, the number and succinate dehydrogenase 
activity or macrophages paralleled increasing numbers of or­
ganisms found. Some macrophages were intensely stained by 
one month post-inoculation, and maximum activity was present 
by 2 months. 
As mentioned earlier, most macrophages containing the 
higher numbers of organisms were located near tips of villi in 
orally inoculated lambss These macrophages sometimes appeared 
to contain fewer mitochondria than did those in perinodular 
sinuses and lymph nodules of the submucosa. In addition, 
mitochondria of an occasional heavily infected macrophage ap­
peared to be rounded. In intravenously inoculated lambs the 
larger numbers of organisms were more often in the submucosa 
(Figs. 35, 34) than near the luminal end of villi (Fig. 35), 
however, in the colon where lymphoid tissue is scarce, in­
fected macrophages were packed in villi (Fig. 36). The pres­
ence of large numbers of organisms did not appear to reduce 
the amount of formazan present. 
In lymph nodes draining the intestines of orally inocu­
lated lambs, numbers and succinate dehydrogenase activity of 
macrophages increased steadily up to 4 months after inocula­
tion. At 8 and 16 months few organisms were found in these 
lymph nodes, and a decrease in the number and succinate 
Fig. 55. Lamb 165 - Intravenous, 4 months - Ileum -
Stained to demonstrate succinate dehydrogenase. 
Shows distribution of macrophages in villi, 
submucosa, and lymphoid nodule and relative 
amounts of succinate dehydrogenase. 125X. 
Fig. 54. Lamb 165 - Intravenous, 4 months - Ileum, sub­
mucosa - Stained to demonstrate succinate de­
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dehydrogenase activity of macrophages was found, except in one 
lamb that had clinical paratuberculosis. In nodes draining 
the lungs of intratracheally inoculated lambs, numbers of or­
ganisms found decreased steadily from one to 4 months after 
inoculation. During the same period the number and succinate 
dehydrogenase activity of macrophages was increasing, to again 
reach a maximum at 4 months post-inoculation. 
In lymph nodes from intravenously inoculated lambs, max­
imum numbers and activity of the macrophages were achieved 4 
months after inoculation (Fig. 57), and increases were main­
tained in the lamb killed 8 months post-inoculation. 
In all tissues from lambs killed 8 and 16 months post-
inoculation, in which healing was taking place, and from which 
all organisms had been removed, the number of macrophages was 
somewhat lower, arid the amount of formazan in them was consid­
erably lower. 
Glucose-6-phosphate dehydrogenase 
Formazan deposits due to glucose-6-phosphate dehydrogen­
ase activity paralleled those due to succinate dehydrogenase 
activity in the epithelium of the small intestine. It was 
uniform from the crypts to tips of villi and almost entirely 
apical (Fig. 38). Small amounts of the formazan were present 
in the epithelium of the large intestines and in the lamina 
propria of the entire intestine. The activity in the epithe­
lium of the large intestine was no greater than in the lamina 
Fig. 36. Lamb 163 - Intravenous, 4 months - Center 
colon - Stained to demonstrate succinate 
dehydrogenase. Moderately infected macro­
phages in a villus of the colon. 1250X. 
Fig. 37. Lamb 163 - Intravenous, 4 months - Ileum lymph 
nodule - Stained to demonstrate succinate 
dehydrogenase. Macrophages stained heavily 




propria, and was equal to that of the parenchyma of the 
spleens and lymph nodes. 
Larger formazan deposits were found in kidneys (Fig. 39} 
and livers, and still greater amounts in alveolar walls of 
lungs. 
Glucose-6-phosphate dehydrogenase activity was at its 
maximum in intestinal macrophages (Figs. 40, 41, 42, 45) and 
giant cells, and in the duodenal epithelium (Fig. 44). 
The amount of formazan in. early alveolar macrophages was 
lower than in cells of alveolar walls, but had reached its 
maximum activity by 2 months post-inoculation. The neutro­
phils of suppurative lesions contained barely detectable 
amounts of formazan, 
Increases in glucose-6-phosphate dehydrogenase activity 
paralleled those due to succinate dehydrogenase activity, but 
if the amount of formazan deposited can be used as an index 
of relative activities of these 2 enzymes, intestinal macro­
phages and giant cells exhibited greater glucose-6-phosphate 
dehydrogenase activity than succinate dehydrogenase activity. 
In addition, the relative increase in glucose-6-phosphate 
dehydrogenase activity in maturing macrophages was greater 
than the increase in activity of succinate dehydrogenase. 
i-LUIP-dependent isocitrate dehydrogenase 
Small formazan deposits due to isocitrate dehydrogenase 
activity were present in the apical portion of the cells of 
Fig. 38. Lamb 163 - Intravenous, 4 months - Ileum -
Stained to demonstrate glucose-5-phosphate 
dehydrogenase. Several intensely stained 
macrophages in lamina propria, epithelium 
stained apically. 500%, 
Fig. 39. Lamb 139 - Intratracheal, 1 day - Kidney -
Stained to demonstrate glucose-6-phosphate 
dehydrogenase. 30OX. 
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Fig. 40. Lamb 163 - Intravenous, 4 months - Ileum -
Stained to demonstrate glucose-6-phosphate 
dehydrogenase. 1875X. 
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Fig. 41. Lamb 165 - Intravenous, 4 months - Cecum -
Stained to demonstrate glueose-6-phosphate 
dehydrogenase. 300X. 
Fig. 42. Lamb 163 - Intravenous, 4 months - Cecum -
Stained to demonstrate glucose-6-phosphate 
dehydrogenase. A larger magnification of 
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Fig. 43. Lamb 151 - Oral, 16 months - Ileum - Stained to 
demonstrate glucose-6-phosphate dehydrogenase. 
1250X. 
Fig. 44. Lamb 163 - Intravenous, 4 months - Duodenum -
Stained to demonstrate glucose-6-phosphate 
dehydrogenase. Compare intense staining of 
apical portion of cells of epithelium with 
staining of macrophages. tiOÔX. 
121 
122 
the epithelium of the pylorus and duodenum (Fig. 45), Barely 
detectable amounts were present in the remainder of the in­
testinal epithelium, in the lamina propria, and in lymph 
nodes, spleen, and lungs. Slightly larger amounts were pres­
ent in the parenchyma of the livers. 
The maximum amounts of formazan deposited due to HAD?-
dependent isocitrate dehydrogenase activity were in kidneys 
(Fig. 46) and macrophages (Fig. 47). 
Very little formazan was detected in infected macrophages 
and neutrophils in lungs of lambs killed at one, 4, or 8 days, 
but by 16 days after inoculation, there usually was approxi­
mately as much formazan in the infected macrophages as in 
alveolar walls. At 2 months and later, there was perceptibly 
more formazan in alveolar macrophages than in alveolar walls 
(compare Fig. 48 with Fig. 49), but considerably less than in 
intestinal macrophages (Figs. 47 and 50). Intestinal macro­
phages were much more intensely stained than the epithelium of 
any part of the intestine. 
Although macrophages contained much formazan due to NADP-
dependent isocitrate dehydrogenase, they were less intensely 
stained due to the activity of this enzyme than to that of 
succinate dehydrogenase or glucose-6-phosphate dehydrogenase. 
Fig. 45. Lamb 167 - Intravenous, 1 day - Duodenum -
Stained to demonstrate KADP-dependent isocitrate 
dehydrogenase. Faint staining of epithelium. 
500%. 
Fig. 46. Lamb 163 - Intravenous, 4 months - Kidney -
Stained to demonstrate NADP-dependent isocitrate 
dehydrogenase. Intense staining of tubules. 
1252. 
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Fig, 47= Lamb 163 - Intravenous, 4 months - Terminal 
colon - Stained to demonstrate NADP-dependent 
isocitrate dehydrogenase. 300X. 
Fig. 48. Lamb 163 - Intravenous, 4 months - Left apical 
lobe of lung - Stained to demonstrate NADP-
dependent isocitrate dehydrogenase. 500X. 
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Fig. 49. Lamb 141 - Intratracheal, 4 months - Left cardiac 
lobe of lung - Stained to demonstrate NAJDF-
dependent icjoitrate dehydrogenase. Compare 
macrophages here with those in Figs.47 and 50. 
50 OX, 
Fig. 50. Lamb 165 - Intravenous, 4 months, - Ileum. -





The purpose of this experiment was to investigate the 
possible correlation of serologic anu ailei-giu uiagnusLiu 
reactions with histochemical and pathological alterations, 
plus observed numbers of organisms present in tissues of sheep 
following oral, intratracheal, and intravenous inoculations of 
M. paratuberculosis organisms. 
Specific requirements of this experiment prevented use of 
some obviously better methods for individual steps. For ex­
ample , it would have been desirable in the cultural studies to 
have obtained more accurate counts of numbers of viable infec­
tious units per gram of specimen by culturing from dilutions 
of inocula, and to have obtained replicate samples from each 
tissue type. The enormous amount of time required for these 
more desirable procedures prohibited their use. Likewise, it 
would have been more desirable to have obtained samples for 
histochemical examination from anesthetized animals ; thereby, 
allowing for faster freeze preservation than was possible with 
necropsied samples. Again, this was not possible because of 
the large number and diversity of specimens required. 
It was hoped however, that use of uniform methods would 
allow valid comparisons from tissue to tissue and from animal 
to animal, even though optimum individual methods sometimes 
could not be used. 
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The selection of enzymes to be studied was based on their 
established activities and locations within cells. Succinate 
dehydrogenase was studied because it is a major component of 
the tricarboxylic acid cycle, and is mitochondrion-limited; 
NAB?-linked isociuraue dehydrogenase because it may contribute 
both to the tricarboxylic acid cycle and synthetic systems 
outside the cycle; and glucose-6-phosphate dehydrogene. 'e be­
cause it is involved in the alternate pentose cycle and the 
synthesis of pentose nucleotides. Among hydrolases, acid 
phosphatase has been reported to be present as cytoplasmic 
granules in phagocytes and lymphocytes ; increases in alkaline 
phosphatase have been reported in the tuberculin reaction site 
in guinea pigs ; and esterase is a usual cytoplasmic constitu­
ent of macrophages. 
A comparison of cultural results with serological results 
indicates that in orally inoculated animals, numbers of organ­
isms probably were increasing at a higher rate than antibody 
titers. Generally, the gel-diffusion precipitin test more 
accurately mirrored progress of the infection than did the 
other serological tests. The number and density of bands of 
precipitation were increasing in animals in which large num­
bers of organisms were found, whereas titers in the hemagglu­
tination and complement-fixation tests usually had begun to 
decrease or were negative at the time of necropsy. Wide indi­
vidual differences in response occurred as measured by these 
3 tests. The hemagglutination test indicated the presence of 
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antibodies earlier than the other tests in sera of 5 of 8 
lambs, but the clinically accepted diagnostic titer of 1:32 
was attained in sera of only 2 lambs. Results of the comple-
mcnt-fixaticn tests bore no relation to the degree of infec­
tion. 
Antibodies demonstrable by these 3 tests developed sooner 
after intratracheal inoculation than after oral inoculation. 
Precipitins were detected in sera of 5 of 10 lambs 4 weeks 
after intratracheal inoculation, and In sera of all lambs re­
maining in this group 8 weeks after inoculation. Hemagglutin-
ating and complement-fixing antibodies also were found earlier 
than in orally inoculated lambs. Activities of antibodies 
from this group of lambs measured by these 3 tests generally 
were higher than in sera from orally inoculated lambs, even 
though the degree of infection as measured culturally was far 
smaller than in orally inoculated lambs. 
The large number of organisms in tissues of the lungs 
shortly after inoculation apparently were more efficient in 
inducing antibodies than were even greater numbers that even­
tually developed in intestinal tissues of orally inoculated 
lambs. 
Precipitins were detected in sera of intravenously inocu­
lated lambs almost as quickly as from intratracheally inocu­
lated lambs. Again, amounts of precipitins detected mirrored 
the progress of the disease. Hemagglutinating and complement-
fixing antibodies appeared, but were decreasing or absent in 
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serum samples obtained just before necropsy from lambs that 
still were infected. 
Possibly the efficiency of producing antibodies in intra­
venously inoculated lambs was associated with the large num­
ber of M« paratuberculosis organisms that were filtered from 
the circulation in the lungs. 
Delayed hypersensitivity skin tests most often were pos­
itive in intratracheally inoculated lambs. There was no re­
lationship between the number of organisms found at necropsy 
and the degree of hypersensitivity. Only one lamb from the 
intravenously inoculated group ever reacted, and that lamb 
only reacted 2 out of 19 times it was tested. Apparently the 
wide distribution of M. paratuberculosis organisms in intra­
venously inoculated lambs blocked hypersensitivity reactions. 
Macrophages anu giant cells of sheep reacted enzymatical-
ly to M. paratuberculosis organisms in somewhat the same man­
ner as has been reported for the stimulated macrophages of man 
and laboratory animals (1, 3, 6, 8, 11, 12, 17, 38, 63). 
In general, the presence of M. paratuberculosis in a 
tissue induced a proliferation of macrophages; and oxidative 
enzymes of these macrophages increased in activity during the 
ensuing one to 2 months, regardless of whether the individual 
macrophages were or ware not infected. The increasing activ­
ity of the mitochondrion-limited succinate dehydrogenase very 
closely paralleled the increasing activity of the NADP-linked 
isocitrate dehydrogenase. It appeared that the pentose cycle 
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glucose-ô-phosphate dehydrogenase activity was more stimulated 
by the presence of M. paratuberculosis than were dehydrogen­
ases of the tricarboxylic acid cycle. 
Oxidative enzymes of intestinal tissue macrophages were 
stimulated to greater activity than were those of alveolar 
macrophages, but hydrolases in the lungs eventually were more 
active than those of the intestine. Possibly this was due to 
an added stimulation of hydrolase activity by products of 
tissue necrosis, whereas oxidative enzymes probably were stim­
ulated principally by bacterial products. 
Alkaline phosphatase was increased principally in lymph­
oid tissue, but was not present in infected macrophages at any 
stage of infection. Acid phosphatase-containing granules de­
veloped in macrophages within several weeks after the particu­
lar tissue became infected. Apparently, when macrophages in­
gested M. paratuberculosis organisms, granules sometimes rup­
tured so that the most heavily infected macrophages frequently 
contained the least acid phosphatase. 
An overall comparison of serological reactions, the num­
bers of organisms present, and histochemical reactions in 
tissues of the intestines and associated lymph nodes of orally 
inoculated lambs indicates that hydrolases reached their max­
imum intensity at the same time that the numbers of organisms 
were greatest, but that serological reactions usually reached 
their peak intensity about 3 months later. 
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In lungs and. associated lymph nodes of intratracheally 
inoculated lambs numbers of organisms were steadily declining 
after 8 days and few were present by 4 months after inocula­
tion, while serological reactions were steadily increasing and 
had reached their maximum titers during the same period and 
enzyme reactions had reached their maximum intensity. Enzyme 
reactions in the lungs and associated lymph nodes and sero­
logical reactions of intratracheally inoculated lambs tended 
to remain high in relation to numbers of organisms recovered 
at necropsy in those lambs kept 8 or 16 months. 
Zones of cells with large amounts of acid phosphatase 
around necrotic areas explain the mineralization in these ne­
crotic areas, and increased acid and alkaline phosphatases in 
infected areas suggests an increased serum phosphate level. 
These organisms were more rapidly and widely disseminated 
in intravenously inoculated lambs than in the other groups. 
There was some reduction in numbers of organisms recovered 
from lungs of lambs killed 2 and 4 months after intravenous 
inoculation. No viable organisms were recovered from the 
lungs of those killed 8 and 16 months post-inoculation, al­
though a few acid-fast granules were found microscopically. 
The lamb necropsied 4 months after intravenous inoculation was 
the most heavily infected lamb of the entire experiment. Its 
precipitins were increasing, macrophages in the intestinal and 
lymphatic tissues were maximally stained for dehydrogenases, 
while those in the lungs were stained less intensely, and 
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moderate staining for phosphatases was present; in infected 
lymph nodes and intestinal lymph nodules. 
The macrophage is an adaptive cell which can undergo cer­
tain forms of functional differentiation as the need arises. 
It is this cell which is the bulwark of defense against most 
granulomatous infectious diseases. The role of its "lyso-
somes" has not been elucidated, since lysozyme, acid phospha­
tase, and other lysosomal enzymes have not been shown to have 
a deleterious effect on pathogenic mycobacteria. Neverthe­
less, in the more resistant animals and in tissues not normal­
ly infected with M. -paratuberculosis, the organisms were elim­
inated by macrophages. When the inoculum was overwhelming or 
the animal was more susceptible than usual, organisms persist­
ed and multiplied in macrophages. If the activities of other 
enzymes of the macrophages* "lyaosomea" were as readily dimin­
ished in heavily infected macrophages as was that of acid 
phosphatase in the more susceptible lambs, the persistence of 
M. paratuberculosis can readily be understood. 
Kusaka et al. (42) found complete loss of cytochromes in 
mycobacteria grown in vivo and that the NAD oxidase activity 
of M. paratuberculosis was "remarkably low" even in vitro. 
The increased production of metabolic intermediates and co-
factors in macrophages which should result from increased ac­
tivities of both tricarboxylic acid and pentose shunt cycles, 
especially in the intestinal tissues of these lambs, probably 
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explains the proliferation of M. paratuberculosis organisms in 




Forty-five 5-week-old Corriedale lambs were divided into 
3 groups. One group of IS lambs was inoculated orally with 
200 mg. dry weight of Mycobacterium paratuberculosis, another 
group of 18 was inoculated intratracheally with 50 mg. and the 
third group consisting of 9 lambs was inoculated intravenously 
with 50 mg. of these organisms. Organisms used for inoculum 
were obtained by digestion from the intestinal mucosa of a 
heavily infected steer. These organisms had never been cul­
tured in vitro. 
Lambs from each group were electrocuted and a necropsy 
performed at one, 4, 8, and 16 days and one, 2, 4, 8, and 16 
months post-inoculation. Three uninfected lambs were nec­
ropsied at 5 months of age to provide control tissues. Thir­
ty-five tissue specimens were taken from each animal and ex­
amined culturally and histochemically. Cryostat sections were 
prepared from each tissue and stained to demonstrate alkaline 
phosphatase, acid phosphatase, non-specific esterase, succin­
ate dehydrogenase, glucose-6-phosphate dehydrogenase, and 
MAD?-dependent isocitrate dehydrogenase. Intradermic tests 
with paratuberculin were conducted and serum samples for sero­
logical tests were obtained periodically. 
One lamb in the intravenously inoculated group and 4 
lambs in the orally inoculated group developed symptoms of 
clinical paratuberculosis during the course of the experiment. 
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Experimental paratuberculosis in these lambs followed a 
curve of increasing severity up to 4 months after inoculation. 
During this period numbers of M, paratuberculosis organisms in 
the intestines were steadily increasing following all 5 routes 
of inoculation, while at the same time numbers of organisms 
wore decreasing in lungs and associated lymph nodes. 
During this same period amounts of acid and alkaline 
phosphatases were increasing in affected tissues, Acid phos­
phatase was more directly associated with macrophages and 
giant cells. It appeared that acid phosphatase granules, 
"lysosomes", were stimulated to be present in macrophages by 
the infection of tissues, but that when too many organisms 
were ingested, these granules were dispersed and a diffuse 
staining of the entire macrophage ensued. In the most heavily 
infected macrophages, staining due to acid phosphatase fre­
quently could not be detected. Although alkaline phosphatase 
activity was increased in affected lymphoid tissues, macro­
phages were not stained. 
The esterase activity of infected tissues was directly 
related to total numbers of macrophages and giant cells pres­
ent, since staining of mature macrophages due to esterase did 
not appear to vary with the presence or absence of acid-fast 
organisms. 
The total activity of the dehydrogenases, too, was de­
pendent on numbers of macrophages present, and also was stim­
ulated within macrophages by the stage of the disease. 
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Increasing activities of those enzymes studied roughly 
paralleled increasing antibody titers and numbers of M. para­
tuberculosis organisms found in the intestines, Later, when 
some of the surviving lambs appeared to be recovering, de­
creasing enzyme activities, serological titers and numbers of 
organisms found, again were roughly parallel. 
It was suggested that the lysosomal acid-phosphatase ac­
tivity of infected macrophages was too transient to have any 
lasting effect on M. paratuberculosis, and that stimulation 
of tricarboxylic acid and pentose shunt cycles of intestinal 
macrophages probably was beneficial to these organisms. 
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